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CHAPTER 1 INTRODUCTION
Bubble formation is common in many electrochemical processes and systems, such as
water splitting, Hall–Héroult process, chloralkaline process, and fuel cells. This dissertation
presents new analytical, electrocatalysis, and separation strategies that utilize bubble behaviors
in different electrochemical systems. First, an analytical strategy for preconcentration and
detection of surfactants was developed utilizing electrogenerated bursting bubble aerosol and
bubble nucleation phenomenon. Second, a universal strategy for achieving high efficiency in gas
evolution reactions by regulating the dissolved-gas concentration at the electrode solution
interface was developed. Fluorosurfactants reduce the dissolved-gas concentration at the
electrode/gas/electrolyte interface for enhanced hydrogen evolution reaction (HER) and
hydrazine oxidation reaction (HzOR). Finally, an electrogenerated bubble aerosol-based
technique was developed to extract Gd from hospital wastewater effluents.

1.1 Electrochemically Generated Nanobubbles
When bubbles are generated from gas-evolving electrodes, bubbles experience four
stages in their life cycle: nucleation, growth, coalesce, and detachment. Nucleation is the first step
of bubble formation, commonly described by the classical nucleation theory. Nanobubbles are the
stage immediately after the bubble nucleation. Electrochemically generated interfacial
nanobubbles are gas-filled pockets with nanoscale spherical caps on a solid substrate immersed
in a gas-saturated solution. The height of the nanobubbles is generally more than 10 nm and less
than 100 nm.1-3

1.1.1 Gas Bubble Nucleation
According to the classical nucleation theory, the formation of free energy of a gas bubble
in solution,ΔGtot, is the sum of the energy cost of creating a new gas/liquid interface and the energy
gained through the liberation of dissolved gas into the bubble volume.4 Figure 1.1 schematically
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shows the classical description of ΔGtot as a function of the bubble’s radius (rnb). The free energy
attributable to the gas/liquid interface, ΔGsurf, is proportional to the surface area of a bubble. The
bulk component term, ΔGbulk, is proportional to the bubble volume. ΔGtot is the sum of these two
components, which initially increases with rnb before reaching a peak value, Ea, at a critical radius,
rcrit. This energy maximum indicates that a bubble that overcomes this energy barrier is
energetically favored to continue to grow, whereas bubbles that do not are inclined to shrink.5

Figure 1.1 Plot of total free energy of formation of a gas bubble, ΔGtot, as a function of bubble
radius, rnb. The maximum in ΔGtot corresponds to the critical bubble nucleus radius, rcrit, with an
activation energy barrier of Ea. Reprinted with permission from German, S. R.; Edwards, M. A.;
Chen, Q.; Liu, Y.; Luo, L.; White, H. S., Electrochemistry of single nanobubbles. Estimating the
critical size of bubble-forming nuclei for gas-evolving electrode reactions. Faraday Discuss. 2016,
193 (Single Entity Electrochemistry), 223-240. Copyright 2016 Americal Chemical Society.

1.1.2 Early Studies of Electrogenerated Nanobubbles Using Atomic Force Microscopy
Atomic force microscopy (AFM) is widely used in the early studies of interfacial
nanobubbles. Back in 2007, Zhang et al. imaged, for the first time, the formation and growth of H2
nanobubbles on a bare, highly oriented pyrolytic graphite surface using in situ tapping mode
AFM.6 A follow-up study by Yang et al. shows that the electrogeneration of O2 nanobubbles on
highly oriented pyrolytic graphite is also possible, albeit at a lower yield than its H2 counterpart.7
They found that after the initial growth, the interfacial nanobubbles were in a dynamic equilibrium
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state, where the nanobubbles do not further grow despite a continuous gas production by
electrochemical reactions. More recently, Dollekamp et al. successfully imaged the
electrogenerated H2 nanobubbles between the sheets of graphene and mica.8 AFM imaging
provides direct evidence for electrogenerated nanobubbles, but it has a couple of limitations. First,
there have been concerns about the AFM/bubble interactions affecting the morphology of the
surface bubble during the imaging. Second, owing to the limited time resolution of AFM, it is not
feasible to use AFM to study the very early stage of the nanobubble formation or the bubble
nucleation.

1.1.3 Study of a Single Nanobubble Using Nanoelectrodes
Nanoelectrodes are another popular tool for studying the electrochemistry of
nanobubbles. At a nanoelectrode, electrochemical oxidation or reduction reactions can generate
gas molecules. When a high supersaturation level of dissolved gas is reached, the nucleation and
formation of nanobubbles take place.9-10 The nanoscale dimension of the nanoelectrodes provides
exquisite sensitivity to detect slight changes near or at the electrode surface. At the same time,
fast electrochemical measurements enable the investigation of bubble nucleation dynamics. Luo
et al. demonstrated the first experiment of generating a single H2 nanobubble by reducing H+ to
H2 at a Pt nanodisk electrode (Figure 1.2a). The formation of a single nanobubble was detected
from the current drop in the cyclic voltammogram caused by the nanobubble blocking the
electrode surface (Figure 1.2b). There are two important discoveries in this study. First, bubble
nucleation requires a ~300-fold supersaturation of dissolved H2 near the electrode surface, as
derived from the peak current value of the voltammogram (𝑖 ). Second, an electrogenerated
nanobubble is likely to be stabilized on the electrode surface by a dynamic steady state, where
the loss of H2 owing to the diffusion from the bubble to the bulk solution is balanced by the
electrogenerated H2 (Figure 1.2a), as supported by the presence of a residual current after bubble
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formation (𝑖 ). Further studies found that the supersaturation level of dissolved H2 required by
bubble nucleation was independent of the nanoelectrode size and shape.11-12

Figure 1.2 (a) Illustration of electrogeneration of a single nanobubble at a Pt nanodisk electrode
and the dynamic steady state of an electrogenerated nanobubble. (b) A typical cyclic
voltammogram recorded for a Pt nanodisk electrode. The peak current at which nano nanobubble
formation occurs is labeled as 𝑖 . The inset shows a residual current, 𝑖 , after the formation of
a nanobubble. Reprinted with permission from Luo, L.; White, H. S., Electrogeneration of Single
Nanobubbles at Sub-50-nm-Radius Platinum Nanodisk Electrodes. Langmuir. 2013, 29 (35),
11169-11175. Copyright 2013 Americal Chemical Society.

1.2 Bubble-Bursting Based Preconcentration Method
Sea-spray aerosol enrichment is a natural phenomenon.

13-15

The ocean wind causes a

near-surface velocity gradient in the water column, resulting in wave breaking and producing a
plume of bubbles. These bubbles scavenge surface-active materials, carrying them to the airocean interface, where the bubbles burst and form a sea-spray aerosol.16 These aerosol particles
are enriched in surface-active organic materials such as free fatty acids.17 Chingin et al. mimicked
this natural phenomenon for preconcentration of low-concentration analytes. In their method, gas
bubbles were produced in water by flowing gas through an air diffuser. The aerosol droplets
formed by bubble bursting were collected. They found that the concentration of organic solutes in
the collected aerosol droplets increased 6 to 12 fold for organic metabolites in urine (e.g., lipids
and lipid-like molecules, phenylpropanoids, and polyketides),18 20 to 1000-fold for rhodamine
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dyes,19 and 10 to 100-fold for amino acids, protein, and DNA.20 In most cases, inorganic metal
salts were not enriched during the bubble-bursting enrichment of organic solutes. The enrichment
effect results from the preferential adsorption of surface-active compounds on the bubble surface,
creating a high local concentration in the thin layer of solution around the bubble. When these
bubbles burst at the liquid/air interface, this thin layer of liquid is ejected into the air and converted
to aerosol droplets containing a high concentration of surface-active compounds.

1.3 Impact of Gas Bubbles on Gas Evolution Reaction
Electrogenerated gas bubbles can influence gas evolution reactions. The solution near
the electrode surface during the gas evolution process is supersaturated with dissolved gas.
According to the Nernst equation, a high local concentration of the dissolved gas on the electrode
surface can cause a concentration overpotential (  c ), expressed as

c  

RT Cg
ln
nF Cgsat

1.1

where Cg the interfacial concentration of dissolved gas at the electrode, n is the number of
electrons transferred to form one gas molecule, and 𝐶

is the saturation concentration of gas at

1 atm pressure.21-22 Moreover, there is an influence of attached bubbles on the interfacial
supersaturation.21 During the gas evolution reaction, a bubble attached to the electrode acts as a
sink to unsheathe the dissolved gas from the supersaturated surrounding electrolyte. As shown
in Fig 1.3, Cg is significantly lower near the bubble contact area than that further away. Therefore,
attached bubbles could decrease the overall cell voltage by locally lowering the concentration
overpotential.
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Figure 1.3 Supersaturation level of dissolved gas at the electrode surface vs the distance from
the center of the attached bubble normalized by the bubble radius (r/rb). Adapted with permission
from ref (21), copyright 1987 by the Electrochemical Society.

1.4 Per- and polyfluoroalkyl substances (PFAS) analysis
Per- and polyfluoroalkyl substances (PFAS) have been widely used in coating and
surfactant applications since the 1950s (e.g., nonstick coating and fire-fighting foam) because of
the chemical and thermal stability of a perfluoroalkyl moiety and its distinctive hydrophobic and
lipophobic nature.36-38 In polyfluoroalkyl substances, at least one or more (but not all) carbons are
attached to fluorine. In perfluoroalkyl substances, all carbons except the last one are attached to
fluorine. Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are common
PFAS manufactured for an extended period; thus, they are the most widespread in the
environment and are the most well-studied. Currently, those two compounds are no longer made
in the United States. However, the widespread use of PFAS in the past 60 years and their extreme
resistance to degradation have resulted in the ubiquitous presence of these compounds in the
environment. An analysis by the environmental working group has shown that more than 2,500
drinking water systems across the United States may be contaminated with PFAS, and up to 110
million Americans could have PFAS in their water. The 2011−2012 U.S. National Health and
Nutrition Examination Survey reported detectable serum PFAS concentrations in virtually all
individuals (97%). Biomedical studies have shown that exposure to PFAS is associated with many
adverse health outcomes, including compromised immune function, metabolic disruption, obesity,
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and altered liver function.39 Because of the ubiquitous presence of PFAS and PFAS-related health
concerns, the U.S. Environmental Protection Agency (EPA) published a health advisory for
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), the two most common
PFAS in drinking water to be 70 ng/L individually or combined in 2016.40 In 2018, the U.S. EPA
further identified addressing the PFAS problem as one of the national priorities. The US EPA
Method 537 is currently the standard analytical method for detecting PFAS in drinking water. This
method comprises a multi-step preconcentration procedure using solid-phase extraction and a
separation and detection procedure using liquid chromatography/tandem mass spectrometry
(LC/MS/MS). Special equipment and specially trained personnel are necessary to perform this
test, making it expensive (~ $300 per sample) and time-consuming. The typical laboratory
turnaround time is > 2 weeks, so real-time monitoring of PFAS contamination is challenging,
limiting our ability to respond to PFAS outbreaks rapidly. Therefore, there is an unmet need for a
low-cost, portable tool to detect PFAS in water. In Chapter 2, we describe the bubble-based
analytical techniques for detecting and preconcentrating PFAS.

1.5 Hydrogen evolution reaction (HER) and hydrazine oxidation reaction (HzOR)
Hydrogen can be used directly as a fuel gas to replace fossil fuels and to store excess
energy via an approach to integrating variable renewable electricity into the energy system.42
Hydrogen evolution reaction (HER) as shown in eq. 1.2 is a way of producing hydrogen.

2H+  2e  H2

1.2

However, due to the activation barrier, HER cannot proceed on its own at the equilibrium potential
and requires the additional potential to

occur. This additional potential is known as an

overpotential. The most popular way of lowering the overpotential is tuning the adsorption of
reaction intermediates and maximizing the number of exposed active sites by tailoring the
catalyst.47-50
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Similarly, hydrazine oxidation reaction (HzOR), as shown in eq. 1.3 also plays a pivotal
role in sustainable energy conversion systems. The reason for considering hydrazine as a
promising alternative fuel is that hydrazine oxidation does not produce CO2 and reduces
greenhouse gas emission. Moreover, hydrazine is relatively easy to store and transport with the
existing infrastructure, as it is liquid at room temperature. One common strategy to improve HzOR
efficiency is synthesizing catalysts with a reactive lattice structure, facet, or morphology.93-100

N2 H4  4OH-  N2  4H2O  4e

1.3

As mentioned above, most efforts are being devoted to material development to improve
the efficiency of gas evolution reactions (e.g., HER and HzOR). In Chapter 3, we introduce a
bubble-based strategy to promote gas evolution reactions via tuning the interfacial dissolved gas
concentration.

1.6 Gd recycling
Magnetic resonance imaging (MRI) contrast agents are an essential component of
modern clinical diagnostics radiology. The MRI contrast agent became first available in 1988 for
imaging blood-brain barrier abnormalities, and since then, MRI contrast agents have played an
increasingly important role in diagnostic medicine.23 MRI contrast agents increase the contrast
difference between normal and abnormal tissues.24 That depends on the proton spin density and
the longitudinal (T1) and transverse (T2 and 𝑇 ∗ ) relaxation times. In healthy soft tissues,
differences in the local relaxation times are often high enough to provide sufficient inter-organ
contrast in T1-weighted and 𝑇 ∗ -weighted images. Based on the intrinsic differences in T1 and T2
contrast, pathological tissue may also be distinguished from healthy tissue.25-26
Currently, about one-third of the MRI scans recorded in clinical settings use Gd(III)-based
contrast agents (GBCA).27-28 Gd (III) in all the contrast formulations is tightly bound to a chelating
ligand such as DTPA, DOTA, DTPA-BMA, etc., due to their extremely high toxicity. From 1988
(Approval of Gd-DTPA) to 1999, about 30 metric tons of Gd metal ion were administered to
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patients worldwide over those 11 years.27 The contrast media are excreted nonmetabolized into
hospital sewage within a few hours after application.29 There have been many published reports
showing that anthropogenic Gd enters rivers, lakes, and even some bay areas with the discharge
from the wastewater treatment plants.30-33 At the same time, the GBCA market is getting higher
each year. Currently, it is over one billion dollars per year. The primary source of Gd comes from
the rare earth ore mining process. However, this mining process has significant environmental
consequences, such as destabilization/deterioration of soil and water ecosystems.34-35 Moreover,
those Gd deposits are concentrated in a limited number of countries, so the supply and price of
Gd could face a tactical monopoly. Therefore, there is a need for alternative Gd sources to satisfy
domestic supply demands. In Chapter 4, we develop a clean bubble-based method for recovering
the Gd from hospital wastewater systems.
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CHAPTER 2 BUBBLE-BASED ANALYTICAL TECHNIQUES FOR DETECTING AND
PRECONCENTRATING PFAS
Parts of this chapter were reprinted with permission from: Ranaweera, R.; Ghafari, C.; Luo, L.,
Bubble-Nucleation-Based Method for the Selective and Sensitive Electrochemical Detection of
Surfactants. Anal. Chem. 2019, 91 (12), 7744-7748. Copyright 2019 Americal Chemical Society

2.1 Introduction
Surfactants are widely used as dispersants, emulsifiers, detergents, fabric softeners, and
wetting agents in many household items and industrial products and processes.36 Because of the
environmental impact and toxicity of various surfactants, current legislation requires that the
amount of surfactants released into the sewer system is minimized and that the concentrations in
rivers and lakes are maintained at low levels.37 Per-and polyfluoroalkyl substances (PFAS) are a
type of surfactant that has been widely used in coating and surfactant applications.
As a result of the extensive use of PFAS and their emission, various PFAS have been
detected in the environment, wildlife, and human. Recent biomedical studies have revealed the
positive associations between PFAS exposure and disease parameters in the general
population.39 Many well-known methodologies for surfactant determination require either
expensive and complicated instruments (for example, liquid and gas chromatography) or the use
of relatively large amounts of organic solvents (such as chloroform in the spectroscopic
“methylene blue” method),40 making them unsuitable for on-site detection applications.41
Therefore, there is a critical need to develop new and improved methods for surfactant detection.
The formation and evolution of vapor and gas bubbles in a liquid body is a phenomenon
of vast fundamental and applicative interest. For example, in commercial electrolytic processes,4243

in cavitation,44-46 in biomedical applications,47-49 and in functional material fabrication.50-53 Here,

we present a new application of gas bubbles for surfactant detection. Our method is based on the
interactions between gas nuclei and surfactant molecules during electrochemical gas bubble
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nucleation. According to classical nucleation theory (CNT),4 nucleation of a gas bubble requires
a supersaturation of dissolved gas because of the energy barrier of establishing a new gas−liquid
interface (Fig 2.1a). In the presence of surfactant molecules, gas nuclei can be stabilized because
of the reduced surface tension of the gas−liquid interface, leading to a decrease in the
supersaturation level required for bubble nucleation. In our method, we transduce the change in
the supersaturation level required for bubble nucleation to electrochemical signal for surfactant
analytes.
Using this method, we demonstrated the quantitation of PFAS in water, with a remarkable
limit of detection down to 30 μg/L and a linear dynamic range of more than 3 orders of magnitude.
However, the U.S. EPA health advisory level for PFOA and PFOS individually or combined in
drinking water is 70 ng/L, and the current EPA recommended preconcentration method involves
time-consuming solid-phase extraction. To address the insufficient limit of detection (LOD), we
developed a PFAS preconcentration method based on electrochemical aerosol formation,54 which
exhibits ∼1000-fold preconcentration of ten common PFAS in the concentration range from 1 pM
to 1 nM (or ∼0.5 ng/L to 500 ng/L) in 10 min. This preconcentration method relies on the
spontaneous adsorption of PFAS onto the surface of electrogenerated H2 gas bubbles and the
subsequent formation of aerosol droplets during the bubble bursting at the solution/air interface
(Fig 2.2b). These aerosol droplets are enriched with PFAS because when a bubble bursts, only
a thin layer of liquid around a gas bubble is ejected into the air, converting the high surface
concentration of PFAS at the gas/liquid interface of gas bubbles to a high bulk concentration in
the aerosol droplets.18-20 Here, we present an improved PFAS preconcentration method using
anodically generated shrinking gas bubbles, increasing the PFAS enrichment factor by 15% to
105% relative to the previous cathodic method. Based on this new, highly efficient
preconcentration method, we demonstrate the detection of 70 ng/L PFOA and PFOS in water in
~20 min by coupling it with a bubble-nucleation-based detection method developed by our
laboratory.
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Figure 2.1 (a) Bubble-nucleation-based electrochemical method for surfactant detection. (b)
Preconcentration of PFAS via electrochemical aerosol formation using cathodically generated H2
bubbles and (c) anodically generated CO2/O2 gas bubbles. Because of the high solubility of CO2
in water, the CO2/O2 gas bubbles shrink as they float upward. The preconcentration efficiency is
improved due to the bubble size reduction and electrostatic interaction between oppositely
charged PFAS and anode.

2.2 Experimental Methods
2.2.1 Chemicals and Materials
Perchloric acid (HClO4, 70%), sodium perchlorate (NaClO4, 98%), tridecafluorohexane-1sulfonic acid (PFHxS), nonafluorobutane-1-sulfonic acid (PFBS), heptadecafluorooctanesulfonic
acid

(PFOS),

perfluorooctanoic

acid

(PFOA),

perfluoroheptanoic

acid

(PFHpA),

undecafluorohexanoic acid (PFHxA), heptafluorobutyric acid (HFBA), poly(ethylene glycol) (400
g/mol), ammonium bicarbonate, sodium phosphate monobasic, sodium phosphate dibasic,
TWEEN 20, lysozyme from chicken egg white, and humic acid were purchased from SigmaAldrich. Perfluoroheptanesulfonic acid (PFHpS) was purchased from Synquest Laboratories.
Glass capillary (outside diameter/inside diameter, 1.65/ 1.10 mm, soft temperature, 712 °C) was
received from Dagan Corporation. Platinum (Pt wire, 25 μm diameter, 99.95%) wires were
purchased from Surepure Chemetals. Silver conductive epoxy was purchased from MG
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Chemicals. A Visiprep SPE Vacuum manifold (Supelco Inc., Bellefonte, PA, USA) was used for
solid-phase extraction. BondElut LMS polymer 500 mg SPE cartridges were purchased from
Agilent. Surface tension measurements were conducted using the pendant drop method on a
Kruss DSA100 goniometer. All aqueous solutions were prepared from deionized (DI) water
(PURELAB, 18.2 MΩ cm, total organic carbon < 3 ppb).

2.2.2 Electrochemical Measurements
All experiments were carried out using a CHI 760E potentiostat and inside a grounded
Faraday cage. An Ag/AgCl electrode in a saturated KCl solution or an Ag wire was used as the
counter/reference electrode during the measurements with nanoelectrodes. Note that any counter
electrodes should work in the BED measurements because the peak current associated with
bubble nucleation is the readout, and the electrode potential is unimportant. A mixture of 0.10 M
NaClO4 and 1.0 M HClO4 was used as the supporting electrolyte for all the experiments. A serial
dilution of perfluorinated surfactants was made in 1.0 M HClO4/0.10 M NaClO4 solution. Cyclic
voltammograms of nanoelectrodes were run to obtain the peak current for each compound with
different concentrations. The scan rate was fixed at 100 mV/s.

2.2.3 Nanoelectrode Fabrication Method
Pt nanoelectrodes were fabricated according to a previously reported method with some
modifications.55 A 1.5 cm long Pt wire was attached to a tungsten rod using Ag conductive epoxy.
The end of the Pt wire was electrochemically etched to make a sharp point in 15 wt % CaCl2
solution. Using a function generator, a 110 Hz sinusoidal wave with an amplitude of 4.3 V was
applied to the Pt wire for 60 s. The sharpened wire was washed with deionized water and was
then inserted into a glass capillary and thermally sealed using a H2−O2 flame. The sealing was
inspected against possible gas bubbles using an optical microscope during the sealing process.
Then the sealed tip was polished successively using silicon carbide polishing sandpapers
(Buehler with grid size 600 and 1200) until a Pt nanodisk was exposed, which was monitored by
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an electronic feedback circuit. The radii of nanodisk electrodes, r , were determined by the
diffusion-limited current for proton reduction (ilim) in 0.10 M HClO4 soluion containing 0.10 M
NaClO4. The migration effects are suppressed by adding 0.10M NaClO4 as the supporting
electrolyte. The radii were calculated using the following equation: ilim = 4nFDCr, where D is the
diffusion coefficient of H+ and C is the concentration of HClO4, respectively. A literature value of
D = 7.8 × 10−5 cm2/s was used.56 The radii estimated using this method are within 10% difference
from the ones determined from the conventional ferrocene oxidation method.

2.2.4 Solid Phase Extraction Method
Preconcentration Method. Sample preconcentration was carried out using solid-phase
extraction following U.S. EPA Method 537. Briefly, the solid-phase extraction cartridge cleanup
and conditioning were done with 15 mL of methanol followed by 18 mL of DI water. One liter of
the sample was passed through the cartridge at an approximate rate of 10−15 mL/min with the
help of a vacuum manifold. Then the analyte was eluted from the cartridge with 15 mL of
methanol. The eluate was collected and completely dried under a gentle stream of N2 in a heated
water bath (60−65 °C). Finally, 1.0 mL of 1.0M HClO4/ 0.10 M NaClO4 solution was added to
solvate the dried sample for electrochemical bubble-nucleation experiments.

2.2.5 Electrochemical Aerasol Enrichment
Home-built H-type polypropylene two-compartment electrochemical cell was used in all
the aerosol enrichment experiments. The cell has a total volume of ~ 650 mL. All the electrolyte
solutions had a concentration of 0.2 M, and 1.5 cm × 1.5 cm Ni foam electrodes were separately
immersed in the two compartments as the anode and cathode. A constant current of 0.2 A was
applied between the two electrodes to generate microsized gas bubbles by water electrolysis. A
50 μL of bursting bubble aerosol was collected from the anodic and cathodic compartments
separately using a glass slide placed at ∼3 mm above the liquid surface and then transferred to
600 μL polypropylene autosampler vials.

15

2.2.6 Bubble-Size Distribution Analysis
Photographs of gas bubbles in anode and cathode at different heights were taken using
a Sony alpha a7 II full-frame Mirrorless camera with Venus Optics Laowa 24mm f/14 probe lens
(manual mode, aperture f40, ISO 1600, shutter speed 1/1600 s). All the images were analyzed
using ImageJ software (NIH, Bethesda, MD).

2.2.7 PFAS Analysis
Collected aerosol samples were diluted 50 times by 50:50 V:V H2O/MeOH before
LC/MS/MS analysis using a Nexera-X2 ultra-performance liquid chromatography with Shimadzu
8040 triple quadrupole mass analyzer operated in negative ionization and multiple reaction
monitoring (MRM) modes. 50 μL of aliquots of sample extracts were injected onto an analytical
column (AccucoreTM C8 column 2.1 × 100 mm, 2.6 μm; Thermo Fisher Scientific). A gradient of
20 mM ammonium acetate in water (solvent A) and 100% acetonitrile (solvent B) was used for
the elution procedure as follows: 0–1 min, 5% B; 1–2 min, 5% to 30% B; 2–11 min, 30 to 57% B;
11–12 min, 57 to 98% B; 12–13 min, 98% B; 13-14 min, 98% to 5% B. The flow rate was 0.4 mL
min−1, and the temperature of the analytical column was maintained at 30°C. The nebulizing gas
flow was kept at 3 L/min, and the drying gas flow was 15 L/min.

2.2.8 Surface Tension Measurements
Surface tension measurements were performed using a Kruss BP100 bubble-pressure
tensiometer (Kruss GmbH, Germany). The surface tension data were collected at the surface age
of 100 s when the surface tension came to equilibrium. The capillary diameter was 0.228 mm
when taking the bubble pressure measurements.

2.3 Results and Discussion
2.3.1 Bubble-Nucleation-Based Electrochemical Detection of Surfactants
To electrochemically probe the bubble-nucleation condition, we adopted a nanoelectrodebased approach developed by Luo and White.9 In this approach, a sub-50-nm Pt nanoelectrode
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is used to perform hydrogen evolution reaction (HER) in acid solutions. As the nanoelectrode
potential is scanned negatively, the HER current increases exponentially until it reaches a peak
value (ipeak). Past ipeak, the HER current immediately drops to a minimal value, which corresponds
to the nucleation and formation of a gas bubble at the nanoelectrode, blocking the electrode
surface.9, 11-12 The supersaturation level of dissolved H2 gas required for H2 bubble nucleation is
proportional to the ipeak value.9

Figure 2.2 (a) Cyclic voltammograms for an 11 nm radius Pt nanoelectrode in 1.0 M HClO4
containing 0.1 M NaClO4 and various PFOS concentrations (g/L): 0, 10–4, 5 × 10–4, 10–3, 5 × 10–
3, 10–2, 5 × 10–2, and 10–1. Scan rate = 100 mV/s. (b) Plot of i
peak vs CPFOS. Error bars are the
standard deviations at each CPFOS from at least three measurements. The best fit of the data points
is plotted with R2 = 0.92, which has a slope of −0.82 nA/dec. The horizontal black line shows the
mean value of ipeak in the absence of PFOS and the corresponding standard deviation is
highlighted in green. The LOD based on 3 times the standard deviation of the blank is calculated
to be 80 μg/L

We chose perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) as the model
analytes because they have been found at the highest frequency and concentration in the
environment and humans among all PFAS. The PFAS pattern in global river waters reveals that
PFOS and PFOA account for ∼60% of the total mass concentration of PFAS.57-59 This percentage
is up to >80% in biological samples such as human milk and serum because of the
bioaccumulation of PFOA and PFOS.60 Fig. 2.2a shows the cyclic voltammograms of an 11 nm
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radius Pt nanoelectrode in PFOS-containing HClO4 solutions. All voltammograms at various
concentrations of PFOS (CPFOS) exhibited a cathodic peak at ca. −0.3 V, corresponding to the H2
bubble nucleation and formation at the nanoelectrode surface. The CPFOS was varied from 10−4 to
10−1 g/L. As CPFOS increases, ipeak decreases. When ipeak is plotted against log(CPFOS), there is a
good linear relationship between them (R2 = 0.92) with a slope of −0.82 nA/dec (Fig. 2.2b). The
LOD based on 3 times the standard deviation of the blank (i.e., in the absence of PFOS) is
calculated to be 80 μg/L. The reduced ipeak in response to the increasing PFOS concentration is
consistent with the detection mechanism that PFOS stabilizes bubble nuclei and, therefore,
lowers the supersaturation requirement for bubble nucleation. The same linear response has also
been observed for PFOA, the other dominant PFAS contaminant, and the carboxylic acid
counterpart of PFOS, in the same concentration range. (Fig. 2.3) The obtained LOD for PFOA is
30 μg/L, which is slightly better than that for PFOS. It should be caused by the higher surface
activity of PFOA than PFOS (their corresponding surface tension minima in water are 15.2 and
34.5 dyn/cm, respectively).61 The LODs of our detection method for PFOA and PFOS are ∼2
orders of magnitude better than those of suppressed conductivity detection (∼2 mg/L)62 and
slightly worse than those of tandem mass spectrometry detection (∼0.5 μg/L), the two most
common detection methods for surfactant analysis used in high performance liquid
chromatography.
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Figure 2.3 Plot of ipeak vs CPFOA obtained using a 25-nm-radius Pt nanoelectrode. Error bars are
the standard deviations at each C PFOA from at least three measurements. The tilted line is the
best fit of the data points with R2 = 0.9 and a slope of −3.2 nA/dec. The horizontal black line shows
the mean value of ipeak in the absence of PFOA. The corresponding standard deviation is
highlighted in green. The LOD based on three times the standard deviation of the blank is
calculated to be 30 μg/L.

We further tested PFAS compounds with different fluoroalkyl chain lengths using our
method. Fig. 2.4a shows the plot of the peak current against the concentration of perfluorinated
carboxylic acids (PFCA) with fluoroalkyl chain length, n = 3, 5, 6, and 7. The peak currents are
normalized with respect to the peak current in the absence of PFCA to account for the
nanoelectrode size effect as larger electrodes require larger currents to nucleate a bubble.11, 56-57
As n decreases from 7 to 3, the slope is reduced from −0.12 dec−1 at n = 7 to −0.07 dec−1 at n =
6 and becomes close to 0 when n = 5 and 3. The trend of sensitivity change is consistent with the
order of surface activity: n-C7F15COOH > n C6F13COOH > n- C5F11COOH > n-C3F7COOH
(Fig. 2.4b), further confirming our mechanism in Fig. 2.1a. To quantitatively understand the
detector response, we derived the expression of ipeak as a function of CPFOS. According to CNT, the
formation free energy of a gas bubble in solution, ΔGbubble, is the sum of the energy cost of creating
a new gas/ liquid interface and the energy gain through the liberation of dissolved gas into the
bubble volume, as expressed by eq 1.63
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where γ is the surface tension of the gas/liquid interface and ΔGV is the energy difference between
the dissolved and gaseous state of the molecule in that volume. ΔGbubble initially increases as a
function of rbubble before reaching a peak value, Enuc 
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barrier depicted in Fig. 2.1a. Bubbles that overcome this energy barrier are energetically favored
to continue to grow; otherwise, they are inclined to shrink and return to the dissolved form.
Because bubbles of the critical size necessarily arise from the growth of subcritical nuclei, their
formation relies upon relatively improbable fluctuations along the free energy barrier. The rate of
critical nuclei formation or nucleation rate, J , is thus governed by the Arrhenius equation:
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In the experiment, we scanned the potential of a nanoelectrode negatively at a constant
scan rate (that is, a fixed duration time at each potential) to nucleate a H2 gas bubble, and then
we recorded the ipeak. Because the time required to nucleate a bubble defines the nucleation rate
(J), when the duration time is fixed, we are setting a threshold value for J and seeking for the
minimum current to reach this value. Hence, eq 2.2 can be rearranged and simplified to be
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Figure 2.4 (a) Plots of the normalized peak current (ipeak/i0peak) vs the concentration of
perfluorinated carboxylic acids (CPFCA) with different alkyl chain lengths. i0peak is the peak current
at CPFCA = 0. (b) surface tension data of 1.0 M HClO4/0.10 M NaClO4 solution with 0.10 g/L
perfluorinated carboxylic acids with different alkyl chain lengths.

GV,nuc 

ipeak
K H 4 nFDH 2 r

Where KH is Henry’s law constant for H2 gas, 𝐷

 Pambient

2.4

is the diffusion coefficient of H2, n is the

number of electrons transferred per H2 (=2), F is Faraday’s constant, r is the nanoelectrode radius,
and Pambient is the ambient pressure. On the right side of eq 3, γ is a nonlinear function of CPFOS
governed by the Gibbs equation.66 The plot of γ versus log(CPFOS) in Fig. 2.5a reveals an excellent
linear relationship at the concentration range from 10−4 to 10 g/L. Outside this range, t
he data starts deviation from the linearity. Accordingly, γ can be numerically expressed by

  a log(C PFOS )  b

2.5

with a= −9.8 and b= 33 for CPFOS = 10−4 to 10 g/L. The linear function intercepts with the γ
value of the blank (CPFOS = 0) at CPFOS = ∼50 μg/L, which is consistent with the experimental LOD
of ∼80 μg/L for PFOS. Substituting eq 2.4 and eq 2.5 into eq 2.3, we obtain the following
expression of ipeak.

21

ipeak  K H 4nFDH 2 r  A( a log(CPFOS )  b3/ 2  Pambient 

2.6

The experimental data agree very well with the theoretical fit in the form of eq 2.6 (Fig.
2.5b), which again confirms our proposed bubble-nucleation-based detection mechanism. From
the above derivation, we can conclude the nearly linear relationship between ipeak and log(CPFOS)
originates from the linear dependence of the γ on log(CPFOS). Therefore, the sensitivity of this
detection method is determined by the surface activity of analytes. Additionally, eq 2.6 also
predicts that the electrode size (r) and properties of electrogenerated gas (𝐷 , KH, and n) will
contribute to the sensitivity of this method. The native LOD of our detection method is around 30
and 80 μg/L for PFOA and PFOS, which are limited by the surface activity of these two
compounds. These values are ∼3 orders of magnitude higher than the desired LOD: 70 ng/L,
which is the health advisory for PFOS and PFOA in drinking water established by the U.S. EPA.
This challenge can be overcome by adding a preconcentration step using solid-phase extraction
which is currently used in the standard U.S. EPA method for PS analysis. Fig. 2.6a shows the
LOD for PFOS was improved to ∼40 ng/L after a 1000-fold preconcentration step using
solidphase extraction (SPE). But due to the extensive time consumption of the SPE and using
organic solvents for the extraction, we came up with the rapid extraction method, which we will
discuss later.
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Figure 2.5 (a) Surface tension of PFOS-containing HClO4 solutions measured by the pendant
drop method. The best fit of the data points for CPFOS= 10−4 to 10 g/L is represented by the solid
black line with R2 = 0.99 and a slope of −9.8 mN/m·dec. (b) Comparison of experimental data and
theoretical fit in the form of eq 2.6.
We further tested the specificity of this method for detecting surfactant analytes by adding
an excess of nonsurfactant interference, poly(ethylene glycol) (PEG, 400 g/mol), which has a
similar molecular weight as PFOS. Fig. 6b shows the cyclic voltammograms of a Pt nanoelectrode
in the presence of 1 mg/L PFOS and a 10-, 100-, and 1000-fold excess of PEG. The addition of
PEG leads to a negative shift of the HER onset potential as compared to the PFOS-only sample,
but the ipeak does not show any notable difference (Fig. 2.6c). Apart from that, we have also tested
different concentrations of humic acid and lysozyme. We observed no trend in the peak current
compared to that of the blank (Fig. 2.6d,e and f). These results show the exceptional specificity
of our method for surfactant analytes. However, we would like to point out that we did not observe
the peak current change for a neutral surfactant, Tween-20 (Fig. 2.6f). The reason for this unusual
behavior is currently under investigation.
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Figure 2.6 (a) Plot of ipeak vs CPFOS for PFOS samples before and after preconcentration
using solid-phase extraction (SPE). The data after SPE is linearly fitted with R2 = 0.92 and a slope
of −1.1 nA/dec. The horizontal black line shows the mean value of ipeak in the absence of PFOS.
The corresponding standard deviation is highlighted in green. The LOD based on 3 times the
standard deviation of the blank is calculated to be 40 ng/L. (b) Cyclic voltammograms and (c) the
corresponding average ipeak for a 7 nm radius Pt nanoelectrode in 1.0 M HClO4 containing 0.1 M
NaClO4, 1.0 mg/L PFOS, and a 10- to 1000-fold excess of poly(ethylene glycol) (PEG, 400 g/mol).
Scan rate = 100 mV/s. (d, e and f) Plots of the normalized peak current ( ipeak / i0peak ) vs the
concentration of humic acid, lysozyme, and Tween-20. i0peak is the peak current of the blank. Color
bands show the standard deviation of the blank.

2.3.2 Highly Efficient Preconcentration Using Anodically Generated Shrinking Gas
Bubbles
There are two essential processes during aerosol preconcentration: (i) the spontaneous
adsorption of PFAS from the bulk solution onto the bubble surface and (ii) the formation of PFASenriched aerosol droplets when a bubble bursts. Our previous study found that the gas bubble
radius (rbubble) played a critical role in both processes.54 For spontaneous adsorption, because of
the spherical diffusion field around a gas bubble, the diffusion flux of PFAS from the surrounding
solution to the bubble surface is inversely proportional to rbubble. For aerosol formation, according
to the empirical rule,67 the ratio of aerosol droplet size (raerosol) to rbubble is a constant of ~10%.
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Thus, the conversion from the surface concentration on gas bubbles (CPFAS,bubble) to the PFAS
concentration in the aerosol droplets (CPFAS,aerosol) is also rbubble-dependent. Taking both effects
together, we previously derived the following expression for the enrichment rate of
electrochemical aerosol preconcentration:54

D
R
 a 4PFAS
rbubble
h

2.7

where R is the enrichment factor defined as the ratio of CPFAS,aerosol to the PFAS concentration in
the sample solution (CPFAS,bulk), h is the path length that gas bubbles travel, DPFASis the diffusion
coefficient of PFAS in water, and a is a constant of 2.4 x 10-4 m2/s. Inspired by eq 2.7, we
hypothesize that shrinking gas bubbles would improve the aerosol preconcentration efficiency
because of the negative correlation between enrichment rate ( (

R
) ) and rbubble .
h

The shrinking gas bubbles are in situ electrogenerated by oxidizing water in 0.20 M
NH4HCO3. One equivalent of H2O produces 0.5 equivalent of O2 gas and 2 equivalents of H+ (eq
2.8). The latter reacts with HCO3- to generate 2 equivalents of CO2 gas (eq 2.9), forming gas
bubbles containing a mixture of O2 and CO2 with a molar ratio of 0.5: 2.
H 2 O  2e  2H + 

1
O 2(g)
2

2H +  2HCO3-  2CO 2(g)  2H 2O

2.8

2.9

Due to the high solubility of CO2 in aqueous solutions, the CO2/O2 bubbles start shrinking when
they leave the CO2-saturated electrode surface region and float upward into the CO2-free bulk
solution (Fig 2.1c). In addition, because the CO2/O2 bubbles are generated at the anode, we
hypothesize that the attractive interactions between the positively charged anode and negatively
charged PFAS would improve the preconcentration efficiency.
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Preconcentration experiments were carried out using a similar experimental setup as our
previous work.54 Briefly, a constant current of 0.2 A was applied between two 1.5 cm2 Ni foam
electrodes separately immersed at a depth of 25 cm in the two compartments of a home-built
polypropylene H-type cell. The sample is a ~650 mL 0.2 M NH4HCO3 solution containing low
levels of PFAS (pH = 8.4). A microscope slide was placed at ∼3 mm above the liquid surface of
each compartment to collect the aerosol droplets enriched with PFAS for 20 min. The collection
rates of aerosol droplets were ~11 µL/min from the cathode side and ~7 µL/min from the anode
side. Before being introduced to LC/MS/MS for PFAS quantification, the collected aerosol
samples were diluted by 50 times using a 50/50 v/v H2O and MeOH mixture. In the initial
experiments, we observed substantial variations in the enrichment factor on the anodic side when
employing freshly-cut Ni foam electrodes due to the structural and compositional evolution of the
Ni electrode to NiO(OH)x under water oxidation conditions, as evidenced by the significant
electrode potential drift, causing unstable bubble generation (Fig. 2.7). The irreproducibility
problem was solved by aging the Ni anode in 0.2 M NH4HCO3 under a constant current of 0.2 A
for ~20 min before use. After 20 min, a steady stream of uniform bubbles was observed, indicating
a stabilized electrode structure (Fig. 2.7).
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Figure 2.7 Conditioning of the Ni electrode surface to avoid random formation of large gas
bubbles. Photographs of the electrode surface of a new electrode at different conditioning times
in (a) anodic and (b) cathodic compartments in 0.2 M NH4HCO3. Chronoamperometric graphs for
the (c) anodic and (d) cathodic compartment, when the current was held at 0.2 A.

Fig. 2.8 shows the R-values for eight PFAS compounds, including five perfluoroalkyl
carboxylates with carbon chain lengths from 6 to 10 (PFHxA, PFHpA, PFOA, PFNA, and PFDA)
and three perfluoroalkyl sulfonates with carbon chain from 6 to 8 (PFHxS, PFHpS, and PFOS) at
CPFAS,bulk = 50 ng/L using anodic and cathodic aerosol preconcentration. For all PFAS, anodic
aerosol preconcentration produced higher R -values than the cathodic ones, with an average
improvement of ~30%, indicating the success of our new preconcentration method design. Note
in these experiments that the PFAS concentration is too low to cause any noticeable equilibrium
surface tension changes, so the different R -values observed among PFAS compounds should
be caused by their different adsorption behaviors onto the bubble surface and their effects on
bubble bursting behaviors. Furthermore, the increased preconcentration efficiency was observed
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Figure 2.8 (a) Enrichment factor, R, for five perfluorinated carboxylic acids with carbon chain
lengths from 6 to 10 (PFHxA, PFHpA, PFOA, PFNA, and PFDA) and three perfluorinated sulfonic
acids with carbon chain lengths from 6 to 8 (PFHxS, PFHpS, and PFOS) using the anodic and
cathodic aerosol formation. The initial PFAS concentrations (CPFAS, bulk) were 50 ng/L for all
experiments. (b) The plot of R vs. CPFOA,bulk (c) Preconcentration of a mixture of PFOA, PFNA,
PFHxA, and PFHxS using anodic preconcentration. For each PFAS compound, CPFAS,bulk = 50
ng/L. The reference R-values were from the experiments in (a). The error bars are the standard
deviations of three independently collected data points in each plot.

over an extensive concentration range, for instance, from 10-11 M to 10-7 M (~ 4 ng/L to 14 µg/L)
for PFOA (Fig. 2.8b). The anodic aerosol preconcentration was also tested for enriching a mixture
of PFOA, PFNA, PFHxA, and PFHxS to assess the potential interferences between PFAS
compounds. Impressively, we did not observe any apparent differences between the R-values
obtained from this mixture preconcentration experiment (red bars in Fig. 2.8c) and the reference
values obtained from the preconcentration of individual compounds (green bars in Fig. 2.8c). As
introduced in the method design, we hypothesized that (1) shrinking bubbles would improve the
aerosol preconcentration efficiency because of the negative correlation between the enrichment
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rate and bubble size and (2) the attractive interactions between the positively charged anode and
negatively charged PFAS would further improve the preconcentration efficiency.
To test our hypothesis, we first measured the bubble size in the electrolytic cell. Fig. 2.9a
and b show the photographs and size distributions of gas bubbles at various vertical distances
from the electrode surface (or h) in the anodic and cathodic compartments. On the anodic side,
rmacro bubble is initially 84 ± 12 µm near the anode (h = 2.5 cm) and decreases as the bubbles float
upward and away from the anode and eventually becomes 42 ± 3 µm at h = 20 cm, corresponding
to a total volume reduction of 87.5%. This percent volume change is comparable to the theoretical
value of 80% in the case of the complete dissolution of CO2 from the CO2/O2 gas bubbles. In
contrast, gas bubbles on the cathodic side show no noticeable change in radius: 73 ± 9 µm at h
= 2.5 cm vs. 73 ± 10 µm at h = 20 cm. Such difference results from the much higher solubility of
CO2 in water (~39 mM)68 than H2 (~0.8 mM)69. As a control, we also performed size analysis in a
phosphate buffer electrolyte solution, where only O2 and H2 bubbles were produced. We found
that O2 and H2 bubble sizes only slightly (<15%) decreased from 65 ± 11 µm at h = 2.5 cm to 56
± 11 µm at h = 20 cm and from 69 ± 12 µm to 60 ± 8 µm, respectively (Fig. 2.9c-d). Fig. 2.10a-b
summarize the average rmacro bubble as a function of h in NH4HCO3 and phosphate buffer solutions,
respectively. Next, we measured the R-values achieved at h. In both NH4HCO3 and phosphate
buffer solutions, the anodic side yields higher enrichment than the cathodic side (Fig. 2.10c -d).
When NH4HCO3 is used, the enrichment rate (i.e., the slope of the R-h plot) at the anodic side is
~26% larger than that at the cathodic side (49 cm-1 vs 39 cm-1), whereas the enrichment rate is
nearly identical in the two compartments for phosphate buffer (31 cm-1 vs 29 cm-1). This finding
confirms our first hypothesis that shrinking bubbles improve aerosol preconcentration efficiency
by increasing the enrichment rate. However, the improvement over the enrichment rate does not
follow the fourth-order dependence on 1/ rmacro bubble as described in eq. 2.7, possibly because the
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steady-state diffusion assumption used in the derivation of eq. 2.754 is not valid in this dynamic
shrinking bubble system.

Figure 2.9 Photographs of gas bubbles at different h in anodic and cathodic compartments using
(a) 0.2 M NH4HCO3 (pH = 8.4) and (c) 0.2 M phosphate buffer (pH = 7) as the electrolyte solution.
(b) and (d) The corresponding distributions of bubble radii (rmacro bubble) as a function of h. Each
distribution profile was obtained by analyzing 100 bubbles. The current was held at a constant
value of 0.2 A.
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Figure 2.10 (a) and (b) Plots of rmacro bubble as a function of h in the anodic and cathodic
compartments for 0.2 M NH4HCO3 and 0.2 M phosphate buffer. (c) and (d) Plots of R vs h. The
initial PFOA concentration in the solution is 50 ng/L.

Fig. 2.10c-d also show that the enrichment factor at zero bubble path significantly
contributes to the improved enrichment factor on the anodic side over the cathodic one (R = ~400
for anode vs. ~200 for cathode at h = 0). The enrichment at h = 0 arises from two interfaces: the
electrode/solution interface and the solution/air interface. For the electrode/solution interface, the
Lipkowski, Burgess, and other groups70-77 have comprehensively investigated the potential-driven
adsorption and aggregation of anionic, zwitterionic, and cationic surfactants on metal electrodes
surfaces. They found that anionic surfactants such as sodium dodecyl sulfate (SDS) would
undergo a phase transition from long-range ordered hemicylindrical hemimicelles to a disordered
bilayer as the electrode potential becomes positive, doubling the SDS concentration at the
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electrode/solution interface.71, 78 In contrast, for cationic surfactants such as cetrimonium bromide
(CTAB), they found that the amount of CTAB at the interface decreased at a highly positive
charged electrode surface. However, the amount of interfacial CTAB did not fall to zero because
the opposite charge from the co-adsorbed bromide ions serves to mitigate repulsive electrostatic
forces between the electrode and CTAB, which would otherwise make ammonium adsorption
unfavorable at positive electrode polarization.70 Inspired by these previous findings, we performed
the following experiment to confirm that the observed different enrichment factors at h = 0 between
anodic and cathodic sides are indeed caused by the electrostatic interactions between PFOA and
electrode surface, utilizing the different potential-driven adsorption and aggregation behaviors of
anionic and cationic surfactants on an electrode surface. Specifically, we carried out the
preconcentration experiment for 50 ng/L CTAB. We found the enrichment factor for CTAB was
~30% higher on the cathodic side than the anodic one in both NH4HCO3 and phosphate buffer
solutions (Fig 2.11), exactly opposite to PFOA’s, confirming our second hypothesis that the
electrostatic interactions between the positively charged anode and negatively charged PFAS
further improve the preconcentration efficiency.
Our laboratory has previously reported a bubble nucleation-based electrochemical
detection (BED) method for PFAS detection.79 The BED method utilizes the high surface activity
of PFAS to influence the electrochemical bubble nucleation and then transduces the change in
nucleation condition to an electrochemical signal for determining the PFAS concentration.
However, its LOD for PFOS and PFOA is merely ~80 μg/L and 30 μg/L, respectively, which does
not satisfy the target LOD of 70 ng/L set by the U.S. EPA. Thus, a preconcentration step is
necessary. As shown in Fig. 2.8a, an enrichment factor of ~1400 was achieved using anodically
generated shrinking gas bubbles for PFOA and PFOS. Therefore, after adding this
electrochemical aerosol preconcentration step, the target LOD of 70 ng/L should be achievable.
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Figure 2.11 Box plots of the enrichment factor for a cationic surfactant, cetrimonium
bromide (CTAB), at CCTAB,bulk= 50 ng/L in (a) 0.2 M NH4HCO3 and (b) 0.2 M phosphate buffer on
the anodic and cathodic sides. Ni foam electrodes were immersed at a fixed depth of 25 cm, and
a constant current of 0.2 A was applied.
To test its feasibility, we first preconcentrated PFOA and PFOS from 70 ng/L PFOS and
PFOA solutions for 20 min, respectively. The collected PFAS-enriched aerosol droplets were
acidified with 1 M HClO4 containing 0.1 M NaClO4, which is necessary for BED measurements.
During the acidification, the PFAS samples were diluted by a factor of 2. Then, we performed the
BED measurements using these samples Fig. 2.12a plots the bubble nucleation currents (ipeak)
for aerosol samples collected from the anodic and cathodic compartments after being normalized
by the nucleation current of the blank without PFOA or PFOS (i0peak). According to the one-tailed
two- sample t-test results, all four PFAS-enriched aerosol samples are statistically different from
the blank at a confidence interval of 95% (p < 0.05). For the two samples collected from the anodic
side, the confidence level is higher than 99%.
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Figure 2.12 (a) Normalized electrochemical bubble nucleation currents ipeak / i0peak for blank
and the PFAS-enriched aerosol samples collected from 70 ng/L PFOS and PFOA solutions in the
anodic and cathodic compartments. (One-tailed two-sample t-test, t = 1.94, df = 6; ipeak vs. i0peak,
*p< 0.03, ** p< 0.001, *** p< 2x10-5, **** p < 1x10-6.) (b) ipeak / i0peak for PFOA-enriched aerosol
samples collected from 11 different PFOA-containing samples with concentrations ranging from
5 ng/L to 100 µg/L in a blind test. The aerosol samples were collected from the anodic
compartments at h= 25 cm. The samples highlighted in red are statistically different from the blank
according to the one-tailed two-sample t-test at a confidence interval of 95%. The error bars are
the standard deviations from four independent BED measurements.
Next, we performed a blind test for 11 PFOA samples with concentrations ranging from 5
ng/L to 100 µg/L. Similarly, the electrochemical aerosol preconcentration was carried out using
these unknown PFOA samples. This time, only the aerosol samples collected from the anodic
side were subject to the BED measurements. Fig. 2.12b summarizes the normalized ipeak for all
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samples. Excitingly, only the samples with PFOA concentrations higher or equal to 70 ng/L were
found to be statistically different from the blank according to the one-tailed two-sample t-test at a
confidence interval of 95%, which is consistent with the expected LOD of ~42 ng/L calculated
from the native LOD of the BED method (30 μg/L for PFOA), the enrichment factor of ~1400, and
a dilution factor of 2. The successful detection of ≥70 ng/L PFOA in a blind test suggests the
potential practical use of our bubble-based preconcentration and detection methods for screening
PFAS in drinking water.

2.4 Conclusion
In conclusion, we have presented a bubble-nucleation-based electrochemical detection
method for surfactant analysis for the first time. This method has a high specificity for surfactant
analytes, a broad linear dynamic range of over 3 orders of magnitude, and a remarkable LOD of
∼30 μg/L (∼2 orders of magnitude better than suppressed conductivity detection, a conventional
detection method for surfactant analysis). We have also established the theory for this new
method. Moreover, we present an improved PFAS preconcentration method using anodically
generated shrinking gas bubbles, increasing the PFAS enrichment factor by 15% to 105% relative
to the previous cathodic method. A mechanistic study reveals two reasons for the improvement:
(1) shrinking bubbles increase the enrichment rate, and (2) the attractive interactions between the
positively charged anode and negatively charged PFAS provides high enrichment at zero bubble
path length. Based on this new, highly efficient preconcentration method, we demonstrate the
detection of ≥70 ng/L PFOA and PFOS in water in ~20 min by coupling it with our bubblenucleation-based detection method.

This method has the potential to be developed into a

universal electrochemical detector for surfactant analysis.
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Figure A.2.1. Equilibrium surface tension of 50 ng/L PFAS compounds in (a) 0.2 M NH4HCO3
and (b) 0.2 M phosphate buffer solution measured by bubble pressure method. Equilibrium
surface tension was collected at the surface age of 100 s. The error bars are the standard
deviations of three independent measurements.
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Figure A.2.2. Photographs of (a) a home-built two-compartment H-cell having a total volume of
770 mL. (b) A clean glass side is placed 3 mm above the liquid surface to collect the aerosol. (c)
Collected aerosol droplets onto the glass slide after running the reaction for about 5 minutes. (d)
Ni foam electrode, which has a dimension of 1.5 cm x1.5 cm, makes electrogenerated gas
bubbles.
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Table A.2.1. Precursor ion, product ion, and MS/MS energy values for PFAS compounds
analyzed by a Shimadzu 8040 HPLC/MS/MS.
PFAS Compound

Precursor ion
(m/z)

Product
(m/z)

Q1 PreBias (V)

Collision
energy (V)

Q3 PreBias (V)

perfluorohexanoic acid

313.0

269.0a

10

8

29

119.0b

14

20

23

319.0a

16

9

16

169.0b

16

17

18

369.0a

18

7

26

169.0b

18

17

12

419.0a

15

10

21

169.1b

20

19

17

469.0a

22

10

24

219.1b

22

17

16

299.1b

29

13

23

80.0a

13

46

29

99.0b

17

36

19

80.0a

19

51

30

99.0b

19

38

19

80.0a

16

55

30

98.9b

16

44

17

60.1a

-19

-30

-21

(PFHxA)
perfluoroheptanoic acid

363.0

(PFHpA)
perfluorooctanoic acid

412.9

(PFOA)
perfluorononanoic acid

462.9

(PFNA)
perfluorodecanoic acid

512.9

(PFDA)
perfluorohexane sulfonic
acid (PFHxS)

398.9

perfluoroheptane sulfonic
acid (PFHpS)

448.6

perfluorooctane sulfonic
acid (PFOS)

498.6

cetyltrimethylammonium
bromide (CTAB)

284.2

43.1b

(a) Product ion used for quantification. (b) product ion used for identification
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Figure A.2.3. Calibration curves for PFHxA, PFHpA, PFOA, PFNA, PFDA, PFHxS, PFHpS,
PFOS, and CTAB using their corresponding mass spec signals (listed in Table Table A.2.1).
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Figure A.2.4. Common PFAS categories and examples of some common PFAS substances. (a)
Perfluoroalkyl carboxylates (b) Perfluoroalkane sulfonates (c) Polyfluoroalkyl sulfonates (d)
Perfluorooctanoic acid (PFOA) (e) Perfluorooctanesulfonic acid (PFOS) (f) GenX.
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CHAPTER 3 PROMOTING GAS EVOLUTION REACTIONS VIA TUNING THE INTERFACIAL
DISSOLVED-GAS CONCENTRATION
Parts of this chapter were reprinted with permission from: Zhao, X.; Ranaweera, R.; Luo, L.,
Highly efficient hydrogen evolution of platinum via tuning the interfacial dissolved-gas
concentration. Chem. Commun. 2019, 55 (10), 1378-1381. Copyright 2019 Royal Society of
Chemistry and Zhao, X.; Ranaweera, R.; Mixdorf, J. C.; Nguyen, H. M.; Luo, L., Lowering
Interfacial Dissolved Gas Concentration for Highly Efficient Hydrazine Oxidation at Platinum by
Fluorosurfactant Modulation. ChemElectroChem 2020, 7 (1), 55-58. Copyright 2020 Wiley-VCH

3.1 Introduction
Hydrogen is widely regarded as a promising alternative fuel for a sustainable energy
economy due to its zero carbon footprints and high energy capacity.80 Therefore, hydrogen
evolution reaction (HER) has attracted much attention for scalable hydrogen production with the
advantages of high purity product, accessible reactants, and sustainable process.80-83
To reduce the overpotential during HER and achieve high energy conversion efficiency,
tremendous efforts have been made to develop various strategies, such as tuning adsorption of
reaction intermediates on catalysts through manipulating the electronic property and maximizing
the number of exposed active sites by tailoring the structure of catalysts.84-87 Similarly, hydrazine
oxidation reaction (HzOR) also plays a pivotal role in sustainable energy conversion systems.
Direct hydrazine fuel cell (DHFC) has a high theoretical cell voltage of 1.56 V, which is
higher than that of hydrogen (1.23 V), methanol (1.18 V), and formic acid (1.45 V) fuel cells.88-91
However, the practical open-circuit voltage of DHFC is still much lower than the theoretical value,
mainly due to the large activation barrier of the HzOR.92
Both HER and HzOR are gas-evolving electrocatalytic reactions. Regulating the
dissolved-gas concentration at the electrode solution interface represents a promising universal
strategy to achieve high efficiency towards gas evolution reactions.Our previous work on bubble-
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nucleation-based PFAS detection has shown that surfactants like PFAS could decrease the
interfacial concentration of dissolved H2 gas and facilitate H2 bubble formation. Inspired by this
finding, we present a simple and facile strategy to tune the dissolved-gas concentration at
electrode/gas/electrolyte catalytic interface via potassium perfluorooctanesulfonate (PFOS)
modulation for dramatically enhanced HER. The addition of PFOS was demonstrated to lower the
dissolved-H2 concentration at the reaction interface. Moreover, the desorption of PFOS from the
electrode during HER was monitored to ensure sufficient exposure of the surface-active area.
Benefiting from the lowered dissolved-gas concentration and sufficient exposure of surface area
at the interface, the PFOS-modulated Pt exhibited a remarkable electrocatalytic performance
towards HER. Relative to pure Pt, the PFOS-modulated Pt yielded a lower overpotential of 27 mV
at a cathodic current density of 10 mA cm−2. Moreover, the PFOS-modulated Pt showed a current
density of 26.77 mA cm−2 at the overpotential of 0.04 V, which was 2.4-fold higher than that of
pure Pt.
To achieve enhanced HzOR activity, we have developed a new facile cationic
fluorosurfactant-modulation strategy. We synthesized a fluorinated pyridinium sulfonate
surfactant (CFPS). Owing to the high surface activity of CFPS, the activation energy for N2 bubble
nucleation is reduced, leading to a decreased dissolved N2 gas concentration at the HzOR
interface. The positive charge of CFPS also ensures the effective exposure of active sites during
hydrazine oxidation. Benefiting from both effects, the CFPS-modulated Pt showed a boosted
catalytic activity towards HzOR. The CFPS-modulated Pt exhibited a current density of 10 mA
cm-2 at 562 mV vs RHE, which was 2.1 times higher than that of pure Pt under the same potential.

3.2 Experimental Methods
3.2.1 Chemicals and Materials
Perchloric acid (HClO4, 70%), Calcium chloride (CaCl2, 99%), sulfuric acid (H2SO4, 95%98%), hydrazine (N2H4, 98%), sodium dodecyl sulfate (SDS, 98.5%), cetyltrimethylammonium
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chloride solution (CTAC, 25% in H2O), Triton X-100, sodium perchlorate (NaClO4, 98%) and
calcium

chloride

(CaCl2,

99%)

were

purchased

from

Sigma-Aldrich.

Potassium

perfluorooctanesulfonate (PFOS) was received from Matrix Scientific. Platinum wires (Pt, 25 and
50 μm diameter, 99.95%) were obtained from Alfa Aesar. C8F17CH2CH2I was obtained from
Synquest Laboratories. Glass capillaries were received from Dagan Corporation. Ultrapure water
(Milli-Q, 18.2 MΩ cm) was used in all experiments.

3.2.2 Fabrication of Pt Nanoelectrode
The Pt nanoelectrodes were fabricated through two steps based on a previous method.55
First, the Pt tips were prepared by electrochemically etching Pt wire in 15 wt% CaCl2 solution
using a 110 Hz sinusoidal wave with an amplitude of 4.3 V. After sharpening, the Pt tips were
washed with water. Second, the as-prepared Pt tips were thermally sealed in a glass capillary.
Then the sealed tip was polished on a silicon carbide polishing sandpaper until a Pt nanodisk was
exposed, which was monitored by using an electronic feedback circuit. The radius (a) of obtained
nanoelectrode was calculated by testing the steady-state diffusion-limited current (id) associated
with the reduction of proton in 0.1 M HClO4 solution. Id = 4nFDC*a, where n is the number of
electrons transferred per molecule, F is Faraday constant, D is the diffusion coefficient of proton
(7.8 × 10-5 cm2/s),101 and C* is the bulk concentration of proton.

3.2.3 Electrochemical Measurements
The electrochemical measurements were performed on a CHI 760E electrochemical
workstation. For the measurements of Pt nanoelectrode, an Ag/AgCl was used as the
counter/reference electrodes. The radius test was carried out via voltammetry in 0.1 M HClO4
solution at a sweep rate of 100 mV/s with 0.1 M NaClO4 added as the supporting electrolyte. The
nanobubble tests were performed by the voltammograms in 0.5 M HClO4 solution at a sweep rate
of 100 mV/s. For HER measurements, a typical three-electrode system was used. A Pt rotating
disk electrode (Pine Instruments, diameter of 5 mm) was used as the working electrode with a
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graphite rod as the counter electrode and an Ag/AgCl as the reference electrode. All the potentials
were calibrated with respect to the reversible hydrogen electrode (RHE),102 and in 0.5 M HClO4
solution with all the PFOS concentrations, ERHE = EAg/AgCl + 0.205 V. The cyclic voltammetry (CV)
measurements were recorded in 0.5 M HClO4 solution at a sweep rate of 50 mV/s under a flow of
N2. The polarization curves were obtained in N2-saturated 0.5 M HClO4 electrolyte at a rotation
rate of 1,600 rpm and a scan rate of 2 mV/s. The galvanostatic measurements were carried out
in an N2- saturated 0.5 M HClO4 solution under a current density of 10 mA cm-2.

3.2.4 Characterizations
SEM images were taken using a JSM-7600 field-emission scanning electron microscope
operated at 15 kV. Digital images were collected on an optical microscope with a high-speed
charge-coupled device (OMAX). Electrical continuity during nanoelectrode polishing was
measured using a high-input impedance (MOSFET)-based circuit. Nuclear magnetic resonance
spectra of hydrogen nuclei were obtained using a Varian (400 MHz) and fluorine-19 using a Varian
(376 MHz) NMR. Abbreviations for coupling patterns are as follows: s (singlet), d (doublet), t
(triplet), and m (multiplet).

3.2.5 Synthesis of Cationic Fluorosurfactant
The cationic fluorosurfactant was synthesized through two steps according to a previous
protocol with necessary modifications.103 First, C8F17CH2CH2I was dissolved in pyridine and
placed in a 100 mL round bottom flask equipped with a reflux condenser. The mixture was refluxed
at 80 °C for 24 h. The reaction mixture was then cooled to room temperature and filtered over a
Hirsch funnel. The white solid was washed with ethyl acetate and dried under vacuum overnight.
Second, the obtained pyridinium iodide was dissolved in methanol and added to a 50 mL threeneck flask equipped with a reflux condenser under nitrogen gas. p-toluenesulfonic acid was
dissolved in methanol and added dropwise to the reaction mixture. The reaction was heated to
60 °C for 80 h. Additional methanol was added dropwise to maintain the solvent level. Upon
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reaction completion, the mixture was concentrated in vacuo to produce a tan solid, which was
subsequently dried overnight under vacuum.

3.3 Results and Discussion
3.3.1 Highly Efficient Hydrogen Evolution of Platinum via Tuning Interfacial DissolvedGas Concentration
Using platinum as the platform, we present a simple and facile strategy to tune the
dissolved-gas concentration at electrode/gas/electrolyte catalytic interface via potassium
perfluorooctanesulfonate (PFOS) modulation for dramatically enhanced HER. The addition of
PFOS was demonstrated to lower the dissolved-H2 concentration at the reaction interface.
Moreover, the desorption of PFOS from the electrode during HER was monitored to ensure
sufficient exposure of the surface active area. Benefiting from the lowered dissolved-gas
concentration and sufficient exposure of surface area at the interface, the PFOS-modulated Pt
exhibited a remarkable electrocatalytic performance towards HER. Relative to pure Pt, the PFOSmodulated Pt yielded a lower overpotential of 27 mV at a cathodic current density of 10 mA cm−2.
Moreover, the PFOS-modulated Pt showed a current density of 26.77 mA cm−2 at the
overpotential of 0.04 V, which was 2.4-fold higher than that of pure Pt.
First, Pt nanoelectrode was fabricated via a typical electrochemical sharpening process to
investigate the reaction process at the electrode/gas/electrolyte interface.55, 104 As shown in Fig
3.5a-b, a sharp Pt tip with a radius of curvature of 26 nm was firstly prepared through
electrochemical etching. The as-prepared Pt tip was then sealed in glass and polished with the
monitoring of an electronic feedback circuit to obtain the Pt nanoelectrode with an exposed
nanodisk. The radius of Pt nanoelectrode was determined to be 19 nm by the voltammetric
steady-state diffusion-limited current for proton reduction (Fig 3.5c). The generation of a single
nanobubble on Pt nanoelectrode was then monitored through the typical voltammetric method.105
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Figure 3.1 (a) Typical i  E response of Pt nanoelectrodes recorded at a sweep rate of 100 mV
s−1. (b) In situ observation of bubble generation at the interface for PFOS-Pt and pure Pt with
different currents.

In comparison, PFOS-modulated Pt, denoted as PFOS-Pt, was measured with the
addition of PFOS surfactants at a concentration of 10-5 mg/mL. As shown in Fig. 3.1a, with the
negative scan of voltage, the current of both PFOS-Pt and pure Pt nanoelectrode showed a rapid
increase until reached a peak value (ip), suggesting the formation of a single nanobubble at the
surface of Pt nanoelectrode.101 The smooth and continuous i-V responses indicated that no
bubble formed during this voltage range. Notably, with the addition of PFOS, the PFOS-Pt
nanoelectrode exhibited a much lower peak potential than that for pure Pt nanoelectrode,
indicating the facilitated formation of hydrogen bubble. Meanwhile, the peak current showed an
obvious decrease from 11.7 nA to 7.5 nA with PFOS modulation. Given the proportional
relationship between the peak current and critical dissolved-H2 concentration (𝐶 ) needed for
bubble formation,106 which can be described by:

ip  4 nF D H 2 C H 2 a
where 𝐷

3.1

is the diffusivity of H2 and a is the radius of nanoelectrode, the significantly decreased

peak current of PFOS-Pt suggested the much lowered dissolved-H2 supersaturation at the
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electrode/electrolyte interface, in accordance with the promoted bubble generation. The
dissolved-H2 concentration at the interface was as low as 0.11 M for PFOS-Pt. The H2 bubble
generation at the reaction interface was further demonstrated by Pt wire electrodes using an

Figure 3.2 (a) Comparison of normalized ECSA for PFOS-Pt and pure Pt after the galvanostatic
test for 40 s at 10 mA cm−2. (b) ECSA of PFOS-Pt and Pt before and after the long-term
galvanostatic test.

optical microscope with a charge-coupled device (CCD). Fig 3.1b showed the microscopic images
of bubble formation at the surface of PFOS-Pt and pure Pt electrodes. The applied currents for
H2 evolution were stepped from 10-5 A to 5×10-4 A with a duration time of 10 s at each current
step. Obviously, relative to the pure Pt, the PFOS-Pt electrode required much lower currents of
5×10-5 A for H2 bubble formation, confirming the reduced demand of dissolved-H2 supersaturation
and facilitated bubble generation at the reaction interface with PFOS modulation. In addition to
the lowered dissolved-H2 supersaturation at the reaction interface, the facilitated bubble formation
could lead to a further decrease of dissolved-gas concentration at the reaction interface. The
relationship between the overpotential at the interface and the concentration of dissolved gas in
a gas-evolving reaction,107 is described by:
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 c  sg

Cg
RT
ln sat
nF C

3.2

where ηc represents the interfacial overpotential magnitude induced by the dissolved-gas
concentration, Cg is the concentration of dissolved gas at the interface, and Csat is the saturation
concentration. The largely decreased concentration of dissolved gas at the interface with PFOS
modulation can lead to a significantly depressed overpotential, thereby promoting the
electrocatalytic HER rate.
As for Pt electrocatalysts, previous mechanistic studies have revealed that the presence
of surfactants could hinder the interaction between reaction intermediates and catalytically active
sites, and thus have a significant impact on the catalytic performance.108-111 To gain an in-depth
understanding of the behaviors of PFOS surfactant during the HER process, we evaluated the
electrochemical active surface areas (ECSAs) of PFOS-Pt during galvanostatic measurement at
a cathodic current density of 10 mA cm-2. The ECSAs were calculated by collecting the charge in
the Hupd adsorption/desorption region after double-layer correction (Fig 3.5d-e) and assuming a
value of 210 μC/cm2 for the adsorption of a monolayer of hydrogen on Pt surface.112 Before the
galvanostatic test, the PFOS-Pt showed an initial ECSA of 0.117 cm2, smaller than that of 0.155

Figure 3.3 (a) iR-corrected polarization curves of PFOS-Pt and pure Pt in N2-saturated 0.5 M
HClO4 solution. The inset shows the current densities of PFOS-Pt and pure Pt at the overpotential
of 0.04 V. (b) Tafel plots of PFOS-Pt and pure Pt.
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Figure 3.4 (a) CV curves of PFOS-Pt with different PFOS concentrations recorded at a sweep
rate of 50 mV s−1. (b) HER specific activities of PFOS-Pt normalized by ECSA.
cm2 for pure Pt, indicating the partial blockage of surface active sites by PFOS addition. After the
galvanostatic measurement for 40 s at 10 mA cm-2, the PFOS-Pt exhibited an increase of 10.6%
in ECSA (Fig. 3.2a). Such an increase in ECSA for PFOS-Pt indicated the efficient desorption of
PFOS surfactants from the surface of Pt electrode during the HER process. The desorption of
PFOS could be attributed to the electrostatic interaction between the anionic surfactants and
negatively charged Pt surface.113-114 In contrast, without the PFOS modulation, the pure Pt
showed a decrease of 6.7% in ECSA after 40 s, which mainly derives from the dramatic damage
of electrode structures during continuous HER,115 further suggesting the desorption of PFOS for
PFOS-Pt electrode. To further investigate the PFOS behaviors on the Pt electrodes, the ECSAs
of PFOS-Pt with different galvanostatic reaction times were measured (Fig. 3.2b). With the
increase of catalytic reaction time, the ECSAs of PFOS-Pt showed a similar decrease trend as
that of the pure Pt electrode. Notably, after the galvanostatic reaction for 160 s, the ECSA of
PFOS-Pt was 0.091 cm2, consistent with the ECSA of 0.093 cm2 for pure Pt, further demonstrating
the desorption of PFOS from the surface of Pt electrode. Moreover, relative to pure Pt, the
normalized ECSAs for PFOS-Pt showed a similar decrease trend and larger values after the long-
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term galvanostatic test (Fig. 3.5f), further suggesting the desorption of PFOS. As such, the
desorption of PFOS from Pt surface during the catalytic process can ensure sufficient exposure
of surface active area, leading to the efficient HER.
The electrocatalytic HER properties of PFOS-Pt were further evaluated in a N2-saturated
0.5 M HClO4 solution in comparison with pure Pt. Fig. 3.3a shows the typical polarization curves
recorded by linear sweep voltammetry (LSV) at a slow sweep rate of 2 mV s−1 and a rotating
speed of 1600 rpm. The rotating speed was applied during testing to remove the generated
bubbles (Fig. 3.6a-b). The ohmic potential drop (iR) losses from the electrolyte were all corrected
before comparison. Notably, the PFOS-Pt exhibited remarkable performance with a much earlier
HER onset potential and higher current densities than those of pure Pt. At the cathodic current
density of 10 mA cm−2, which represents a metric related to the solar fuel conversion,116 the
overpotential of PFOS-Pt was only 27 mV, much lower than that of pure Pt (38 mV). Moreover,
the inset shows the cathodic current densities at the overpotential of 0.04 V, making it available
to directly compare the electrocatalytic activities. The PFOS-Pt presented a cathodic current
density of 26.77 mA cm−2, which was 2.4 times as high as that of pure Pt, suggesting the much
enhanced HER performance with PFOS modulation. Furthermore, the corresponding Tafel plots
were evaluated to gain in-depth insight into the hydrogen evolution activity. As shown in Fig. 3.3b
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Figure 3.5 (a) SEM image of a Pt tip fabricated by electrochemical etching. (b) Corresponding
SEM image of Pt tip with high magnification. (c) Steady-state voltametric response of Pt
nanoelectrode recorded at a sweep rate of 100 mV/s. The blow-ups of Hupd desorption peaks for
(d) pure Pt and (e) PFOS-Pt at different galvanostatic test time. (f) Normalized ECSA for PFOSPt and pure Pt before and after long-term galvanostatic test.

the PFOS-Pt possess a relatively smaller Tafel slope of 26 mV dec-1 than that for the pure Pt (32
mV dec-1), demonstrating the accelerated HER kinetics. The results indicated that the HER
process occurred under the Volmer-Tafel mechanism, in which the recombination of adsorbed H
species acts as the rate-determining reaction.117 The small Tafel slope induced by PFOS
modulation could drive a large catalytic current at low overpotential, which is in accordance with
the elevated activities shown by polarization curves and beneficial for practical applications. The
activity enhancement was also observed using Pt mesh and Au with PFOS modulation (Fig. 3.6cd). Taken together, the enhancement of the catalytic performance for PFOS-Pt could be attributed
to the following factors: (i) lowered dissolved-H2 concentration at the electrode/electrolyte
interface due to the PFOS modulation, and (ii) sufficient exposure of surface-active area due to
the efficient desorption of surfactants, leading to the remarkably promoted HER rate.
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Figure 3.6 Bubble generation on the electrode (a) before and (b) after HER test without applying
a rotating speed. iR-corrected polarization curves of (a) Pt mesh and (b) Au disk electrode with
PFOS modulation.
In addition, to further investigate concentration-dependent HER performance, PFOS-Pt
with different PFOS concentrations (10-7, 10-6, and 10-5 mg/mL) were also measured. Fig. 3.4a
shows the typical CVs obtained in a N2-saturated 0.5 M HClO4 solution at a scan rate of 50 mV/s.
Notably, with the increase of PFOS concentrations, the ECSAs, which were calculated from the
Hupd adsorption/desorption regions, exhibited a decrease. The corresponding HER activities of
PFOS-Pt increased monotonically, with PFOS concentrations rising from 10-7 mg/mL to 10-5
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Figure 3.7 (a) iR -corrected polarization curves of PFOS-Pt with different PFOS concentrations
in N2-saturated 0.5 M HClO4 solution. (b) Tafel plots of PFOS-Pt with different PFOS
concentrations. (c) iR -corrected polarization curves of PFOS-Pt with high PFOS concentrations.
(d) Comparison of current densities of PFOS-Pt with high PFOS concentrations.

mg/mL (Fig. 3.7a-b). Especially, the PFOS-Pt with PFOS concentration of 10-5 mg/mL displayed
the smallest overpotential and lowest Tafel slopes among all the tested electrodes. The 10-5
PFOS-Pt also showed better activity than those with PFOS concentrations higher than 10-5 mg/mL
(Fig. 3.7c-d). To better understand the surface effects, the specific activities of PFOS-Pt were
compared after normalizing the currents by active surface areas. As illustrated in Fig. 3.4b, the
10-5 PFOS-Pt exhibited a cathodic current density of 43.96 mA cm−2 ECSA at the fixed
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overpotential of 0.04 V, which was 1.4, 1.9, and 3.2 times as high as that of 10-6 PFOS-Pt, 10-7
PFOS-Pt and pure Pt.

3.3.2 Highly Efficient Hydrazine Oxidation at Platinum by Fluorosurfactant Modulation
Guided by this previous work, we have developed a new facile cationic fluorosurfactantmodulation strategy to achieve enhanced HzOR activity. We synthesized a fluorinated pyridinium
sulfonate surfactant (CFPS). Owing to the high surface activity of CFPS, the activation energy for
N2 bubble nucleation is reduced, leading to a decreased dissolved-gas concentration at the HzOR
interface. The positive charge of CFPS also ensures the effective exposure of active sites during
hydrazine oxidation. Benefiting from both effects, the CFPS-modulated Pt showed a boosted
catalytic activity towards HzOR. The CFPS-modulated Pt exhibited a current density of 10 mA
cm−2 at 562 mV vs RHE, which was 2.1 times higher than that of pure Pt under the same potential.
First, fluorinated pyridinium sulfonate surfactant was synthesized following a previously
reported method using fluoroalkyl ethylene iodide as the precursor.103 Briefly, 2-perfluorooctyl
ethyl iodide was firstly heated with pyridine at 80 oC for 24 h to generate fluorinated pyridinium
iodide. The as-prepared pyridinium iodide was then dissolved in methanol and treated with ptoluenesulfonic acid at 60 oC for 80 h to yield the final fluorinated pyridinium sulfonate.
After synthesizing CFPS, we measured the surface tension of the HzOR solutions (0.5 M
H2SO4 and 1 M N2H4) with different concentrations of CFPS to evaluate the surface activity of
CFPS. As shown in Fig. 3.12a, the surface tension of the HzOR solution with 1×10-5 mg/mL of
CFPS was measured to be 71 mN/m, which was lower than that of the surfactant-free solution.
The surface tension decreases with the increasing CFPS concentration in the HzOR solution. The
lowered surface tension in the presence of CFPS further confirms the successful preparation of
the cationic fluorinated surfactant.
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Figure 3.8 (a) Cyclic voltammograms of a 19-nm-radius Pt nanoelectrode in a 0.5 M H2SO4
solution containing 1 M N2H4 at a scan rate of 100 mV s-1 in the absence of CFPS and in the
presence of 10-5 mg/mL CFPS. (b) Critical concentrations of dissolved N2 gas required for bubble
nucleation under different CFPS concentrations from 10-7 to 10-5 mg/mL.

To investigate the impact of modulated surface tension on the dissolved-gas concentration
at HzOR interface, we fabricated Pt nanoelectrodes following a previously published method.3, 5556

The Pt nanoelectrode was then employed to study the N2 bubble nucleation from

electrooxidation of hydrazine.
Fig. 3.8a shows the cyclic voltammogram (CV) of a 19-nm-radius Pt nanoelectrode in a
0.5 M H2SO4 solution containing 1 M N2H4. As the potential was scanned positively, the anodic
current increased in two steps until it reached a peak current value: the pre-wave region between
0 and 0.4 V and the exponential growth region after 0.4 V. This is because there are two major
hydrazine species, hydrazinium [N2H5]+ and hydrazinediium [N2H6]2+, in the solution.118-119 The iV response was initially smooth and continuous, suggesting no bubble formation in this range.9
Then, the current suddenly dropped to a residual current value, corresponding to the generation
of a single bubble that actively blocked the Pt nanoelectrode.64 In the presence of 10-5 mg/mL
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Figure 3.9 Micrographs of bubble generation on a Pt wire for (a) CFPS-Pt with 10-5 mg/mL CFPS
and (b) pure Pt in a 0.5 M H2SO4 solution containing 10 mM N2H4. The anodic current passing the
Pt wire was stepped from 5×10-6 A to 5×10-4 A to drive the HzOR.

CFPS, the peak current,

ip, for N2 bubble nucleation at the CFPS-modulated Pt electrode

(CFPS-Pt) was 4.0 nA, which is about half of that at pure Pt: 7.4 nA. Because of the proportional
relationship between the peak current and the critical dissolved N2 gas concentration (
𝐶 ) required for bubble nucleation as described by ip=4nF𝐷 𝐶 𝑎, where n is the number of
transferred electrons per N2 molecule, 𝐷

is the diffusivity of N2, and 𝑎 is the radius of the Pt

electrode,105-106 the significantly decreased peak current for CFPS-Pt indicates the efficiently
lowered critical dissolved-N2 concentration for bubble formation at the reaction interface. The 𝐶
for CFPS-Pt with different CFPS concentrations are summarized in Fig. 3.8b. Notably, the critical
dissolved-N2 concentration for CFPS-Pt at a concentration of 10-5 mg/mL was as low as 0.07 M
relative to that of 0.13 M for pure Pt. Moreover, with the addition of fluorinated surfactant from 107

mg/mL to 10-5 mg/mL, the 𝐶 for CFPS-Pt showed a decreasing trend, further demonstrating

the modulated dissolved N2 gas concentration at the reaction interface.
We further investigated the N2 gas bubble behavior during HzOR in the presence of CFPS
at the macroscopic level. We carried out HzOR using a Pt wire electrode by stepping the HzOR
current from 5×10-6 A to 5×10-4 A with a duration time of 10 s and 10-fold increase in current for
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each step. As shown in Fig. 3.9a, at 10-5 mg/mL CFPS, the optical images show the formation of
N2 gas bubbles at 1×10-5 A. In comparison, no bubble formation was observed at pure Pt until the
applied current reached as high as 1×10-4 A (Fig. 3.9b). The lowered current of CFPS-Pt for
bubble formation is consistent with the reduced critical dissolved-N2 concentration at the reaction
interface for bubble nucleation in Fig. 3.8.
As discussed above, the presence of CFPS limits the concentration of dissolved-N2 at the
electrode-solution interface by facilitating bubble nucleation and formation. Because the
dissolved-gas concentration (Cg) and the concentration overpotential of a gas evolution reaction
Cg
(ηc) are related by  c  s g RT ln sat
, where Sg is the stoichiometric gas coefficient, n is the
nF

C

number of electrons participating in the reaction ( n = 4), Csat is the saturation concentration of
dissolved gas,21-22, 107 the CFPS-induced Cg decrease is expected to lead to a smaller ηc and higher
electrocatalytic performance towards HzOR.
To evaluate the catalytic performance of CFPS-Pt for HzOR, we carried out
electrochemical measurements using a standard three-electrode system. Fig. 3.10a shows the
CVs of CFPS-Pt and pure Pt in an N2-saturated 0.5 M H2SO4 solution containing 10 mM N2H4 at
a sweep rate of 50 mV/s. The current values were normalized using the electrochemical active
surface area (ECSA) of Pt. The ECSA was estimated from the total charge in the hydrogen
adsorption/desorption region of the cyclic voltammograms of CFPS-Pt and pure Pt in the
corresponding H2SO4 solution (Fig. 3.12b).112, 120 Relative to pure Pt, the onset potential and peak
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Figure 3.10 (a) Cyclic voltammograms and (b) iR-corrected polarization curves of CFPS-Pt with
different CFPS concentrations (10-7, 10-6, and 10-5 mg/mL) and pure Pt recorded in N2-saturated
0.5 M H2SO4 solution containing 10 mM N2H4. (c) Current densities of CFPS-Pt and pure Pt at the
fixed potential of 562 mV vs RHE. (d) Galvanostatic measurements of CFPS-Pt and pure Pt at
the HzOR current density of 10 mA cm−2.

potential of the CFPS-Pt with different CFPS concentrations (10-7, 10-6, and 10-5 mg/mL) all
showed a negative shift, indicating the improved electrocatalytic HzOR activity. In particular, the
peak current density for CFPS-Pt with a CFPS concentration of 10-5 mg/mL was 5.7 mA cm−2,
~36% higher than that of 4.2 mA cm−2 for pure Pt. Fig. 3.10b shows the polarization curves of
CFPS-Pt and pure Pt recorded at a slow scan rate of 5 mV s−1 with a rotation speed of 900 rpm.
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Figure 3.11 (a) Surface tension of surfactant-containing HzOR solutions (0.5 M H2SO4 and 1.0 M
N2H4) measured by the pendant drop method. The surfactant concentrations are 10-5 mg/mL for
PFOS, CTAC, TX100, and CFPS, and 10-4 mg/mL for SDS. (b) Cyclic voltammograms of a 15.3nm-radius Pt nanoelectrode in these HzOR solutions at a scan rate of 100 mV s-1. (c) iR -corrected
polarization curves recorded at a scan rate of 5 mV s-1 and a rotation rate of 900 rpm in N2saturated 0.5 M H2SO4 solution containing 10 mM N2H4. (d) Comparison of HzOR current
densities for different surfactant-modulated Pt at a fixed potential of 562 mV vs RHE.

The ohmic potential drop (iR) loss was corrected before comparison. We found all the CFPS-Pt
exhibited a higher current density than pure Pt. The current densities for CFPS-Pt and pure Pt at
a fixed potential of 562 mV vs RHE were summarized in Fig. 3.10c. The CFPS-Pt with a CFPS
concentration of 10-5 mg/mL showed the highest current density of 10 mA cm−2, which is 2.1 times
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Figure 3.12 (a) Surface tension results for 0.5 M H2SO4 solutions containing 1.0 M N2H4 and
different concentrations of CFPS (10-7, 10-6, and 10-5 mg/mL). Inset shows the corresponding
photographs of pendant drop shapes. (b) CVs of CFPS-Pt recorded in N2-saturated 0.5 M H2SO4
solutions with different concentrations of CFPS (10-7, 10-6, and 10-5 mg/mL) at a scan rate of 50
mV s-1. (c) CVs of CFPS-Pt (10-5 mg/mL CFPS) and pure Pt recorded in N2-saturated 0.5 M H2SO4
solutions. (d) Voltammetry of electrocatalytic hydrazine oxidation in 0.5 M H2SO4 solutions
containing 1 M N2H4.

higher than that of pure Pt. We also conducted the galvanostatic measurements with prolonged
reaction time in the same HzOR solution at a constant current density of 10 mA cm−2. Fig. 3.10d
shows the potential for CFPS-Pt was consistently more negative than that for pure Pt. We have
also tested 1 M N2H4 in 0.5 M H2SO4 solution and found a similar improvement in catalytic
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performance (Fig. 2.12c-d). All these results have shown elevated HzOR activity with the
modulation of CFPS.

Figure 3.13 The Hupd desorption waves of (a) Pt and (b) 10-5 CFPS-Pt in a CPFS-free N2-saturated
0.5 M H2SO4 solution after different galvanostatic test times. (c) Comparison between the ECSAs
of 10-5 CFPS-Pt and pure Pt in an N2-saturated 0.5 M H2SO4 solution after different galvanostatic
test times. (d) CVs of SDS-Pt, PFOS-Pt, CTAC-Pt, TX100-Pt, and pure Pt recorded in an N2saturated 0.5 M H2SO4 solution at a scan rate of 50 mV s-1. Surfactant concentration unit: mg/mL.

Also, we have investigated the ECSA change of CFPS-Pt during the galvanostatic test to
evaluate the interaction between CFPS and Pt surface during HzOR, which is believed to
contribute to the improved HzOR performance of CFPS-Pt as well. We measured the ECSAs of
CFPS-Pt and pure Pt before the galvanostatic test, and after 600 s and 1500 s of the test by

61
taking out the electrode, immersing it in an N2H4-free 0.5 M H2SO4 solution, and collecting the
charge in the H adsorption/desorption region (Fig. 3.13a-b). As shown in Fig. 3.13c, CFPS-Pt
exhibited a slight ECSA loss of 0.6% after galvanostatic tests for 600 s, whereas the pure Pt
showed a loss of 3.5%. After galvanostatic tests for 1500 s, the ECSA for CFPS-Pt dropped by
11.6%, whereas a substantial loss of 16.5% in ECSA was observed for pure Pt. This result shows
CFPS did not cause any significant loss of active surface area—instead, it slowed down the
surface deactivation, which should be a result of the electrostatic repulsion between CFPS and
positively charged Pt surface during HzOR.42,

113

These results further indicate the effective

exposure of active sites during hydrazine oxidation with the modulation of CFPS.
To further understand the effect of CFPS on HzOR, we tested several other surfactants,
including PFOS, cetrimonium chloride (CTAC), sodium dodecyl sulfate (SDS), and Triton X-100
(TX100) for HzOR. Different surfactant concentrations were intentionally chosen so that all the
surfactant-containing HzOR solutions exhibit a similar surface tension (Fig. 3.11a). Fig. 3.11b
shows the corresponding bubble nucleation CV measured using a 15.3-nm-radius Pt
nanoelectrode. Compared to pure Pt, the PFOS-, CTAC-, SDS-, and CFPS-modulated Pt all
showed a smaller peak current for bubble nucleation, indicating these four surfactants can
promote the bubble nucleation and lower the dissolved-N2 concentration. Among them, CFPS
showed the most significant impact on bubble nucleation. The addition of TX100, however, did
not alter the peak current, suggesting its incapability of modulating bubble nucleation and
reducing the dissolved-gas concentration at the interface. The HzOR activity of these surfactants
modulated Pt was evaluated and normalized to the measured ECSAs (Fig. 3.13d), respectively.
Fig.3.11c-d show the polarization curves and the current densities at 562 mV vs. RHE,
respectively. The HzOR activity order is TX100-Pt, pure Pt < CTAC-Pt, PFOS-Pt <SDS-Pt <
CFPS-Pt, in good agreement with the trend of their ability to promote bubble nucleation. This
agreement confirms our theory that CFPS improves the HzOR performance of Pt by promoting
bubble nucleation and lowering interfacial dissolved gas concentration. Although they have a very
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similar bubble nucleation current, the reason for the slightly higher HzOR activity of SDS-Pt than
that of CTAC- and PFOS-Pt is still unclear.

3.4 Conclusion
In summary, we develop an ingenious PFOS-modulation strategy with precisely managed
dissolved-gas concentration at the electrode/gas/electrolyte interface for highly efficient hydrogen
evolution. With the modulation of PFOS, facilitated bubble generation and decreased dissolvedgas concentration at the reaction interface can be achieved. Meanwhile, the desorption of PFOS
for the sufficient exposure of active surface areas of the electrode was also monitored during
HER, leading to the remarkably improved HER performance. Moreover, we have demonstrated
using a cationic fluorinated surfactant, CFPS, to regulate the dissolved-N2 gas concentration at
the reaction interface for highly efficient hydrazine electrooxidation. During HzOR, CFPS lowers
the dissolved-N2 gas concentration at the electrode-solution interface and ensures sufficient
exposure of the active electrode area, thereby leading to remarkable catalytic performance. Both
works provide a systematic understanding of the gas-involved catalytic process at the
electrode/gas/electrolyte interface and a convenient approach to realizing high-performance
electrocatalysis that precisely controls the dissolved-gas concentration at the catalytic interface.

3.5 Appendix B

Scheme B.3.1 Synthesis scheme of cationic fluorinated pyridinium sulfonate.

Scheme B.3.2 Reaction between fluoroalkyl ethylene iodide and pyridine.
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Scheme B.3.3 Reaction between fluoroalkyl pyridinium iodide and p-toluenesulfonic acid (pTSA).

Fig. B.3.1 1H NMR spectrum (400 MHz, CDCl3) for [C8F17CH2CH2py][I]. δ= 9.54 (d, J = 5.4 Hz,
2H), 8.54 (t, J = 7.8 Hz, 1H), 8.13 (t, J = 7.1 Hz, 2H), 5.55 (t, J = 6.1 Hz, 2H), 3.21-3.04 (m, 2H).
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Fig. B.3.2 19F NMR spectrum (376 MHz, CDCl3) for [C8F17CH2CH2py][I]. δ= -80.77 (t, J = 9.9 Hz,
3F), -112.51 (t, J = 14.9 Hz, 2F), -121.44 to -121.67 (m, 2F), -121.74 to -122.05 (m, 4F), -122.63
to -122.86 (m, 2F), -122.96 to -123.14 (m, 2F), -126.05 to -126.20 (m, 2F).
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Fig. B.3.3 1H NMR spectrum (400 MHz, CDCl3) for [C8F17CH2CH2py][p-CH3C6H4SO3]. δ= 9.28 (d,
J = 5.2 Hz, 2H), 8.34 (t, J = 7.7 Hz, 1H), 7.94 (d, J = 6.0 Hz, 2H), 7.68 (d, J = 7.9 Hz, 2H), 7.12
(d, J = 7.7 Hz, 2H), 5.28 (s, 2H), 3.00-2.91 (m, 2H), 2.32 (s, 3H).
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Fig. B 3.4 19F NMR spectrum (376 MHz, CDCl3) for [C8F17CH2CH2py][p-CH3C6H4SO3]. δ= -80.86
(t, J = 10.1 Hz, 3F), -113.09 (t, J = 15.3 Hz, 2F), -121.64 to -121.86 (m, 2F), -121.90 to -122.18
(m, 4F), -122.73 to -122.95 (m, 2F), -123.21 to -123.40 (m, 2F), -126.15 to -126.30 (m, 2F).
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CHAPTER 4 EXTRACTION OF GADOLINIUM FROM HOSPITAL WASTEWATER EFFLUENT
USING ELECTROCHEMICAL AEROSOL FORMATION AND ISOLATION VIA PAPER
ELECTROPHORESIS

4.1 Introduction
Rare earth elements (REEs) consist of 15 lanthanide elements plus yttrium and
scandium.121 REEs are currently used for many applications, including magnetic resonance
imaging, laser technology, superconductors, high-performance permanent magnets, kidney
dialysis medicine, anti-tumor agents, and surgical equipment.122
Due to its toxicity, Gd (III) in all the contrast formulations is tightly bound to a chelating
ligand such as DTPA, DOTA, and DTPA-BMA. The toxicity of Gd3+ in biological systems is largely
caused by its ability in mimicking divalent cations, especially Ca2+. It occurs not just of its ionic
radius close to that of Ca2+ but also similar coordination number, donor atom preferences, and
binding behavior. When bound to a Ca2+ binding enzyme, lanthanide ion replacement often alters
the kinetics of the biological process catalyzed by that enzyme.139 Most Gd-based contrast agents
(GBCA) are approved at a dose of 0.1 mmol Gd/kg. Currently, 50 tons of gadolinium are
administrated annually, and the GBCAs market is over one billion dollars per year.125 Upon the
administration, the GBCAs rapidly equilibrate in the extracellular compartments. However, they
may be distributed into intracellular environments, including liver and kidney, depending on their
structure by passive diffusion or specific uptake processes. From the kidney and liver, they
undergo renal excretion through urine or hepatobiliary excretion through the gallbladder and
intestine, respectively. The approved GBCA is designed to be completely excreted after
administration.126 There are reports that 70% of the total injected GBCA was excreted within first
urination, and more than 90% of GBCA was excreted within 24 hours of administration.127-128
Those excreted Gd-based contrast agents are introduced into the hospital wastewater sewage
systems. A previous study has found that hospital effluents can contain up to 50 ppb level of Gd
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at a given time.32 In this chapter, we present a method of recycling Gd from hospital wastewater
effluents.

Figure 4.1 (a) Flow diagram for Gd extraction process. (b) Extraction and preconcentration of Gd
via electrochemical aerosol formation. (c) Separation of ligand and Gd in the aerosol sample using
paper electrophoresis.

As shown in Fig. 4.1a, Gd is first extracted and preconcentrated from Gd-containing
effluent using electrochemically generated bubble-bursting aerosol with the help of a Gd-binding
ligand. Next, paper electrophoresis is performed to separate the ligand and Gd in the collected
aerosol droplets containing a high concentration of Gd-ligand complex so that the high-value
ligand can be recycled. As a proof of concept, we achieved the extraction of Gd with up to 75%
extraction efficiency from water samples with a Gd concentration similar to hospital wastewater
(~50 ppb level of Gd) using electrochemically generated bursting-bubble aerosol. We successfully
separated the Gd and ligand with 100% efficiency using an origami-paper-based electrophoresis
device. Gd was obtained as Gd2O3 by simply burning the filter paper used in the device, and the
ligand was reclaimed from the paper device with 80% efficiency using a simple water extraction
procedure.
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4.2 Experimental Methods
4.2.1 Chemicals and Materials
Ammonium bicarbonate (99%), gadolinium chloride hexahydrate (99%), gadolinium
standard for ICP, potassium nitrate (99 %), potassium dihydrogen phosphate (99%), disodium
hydrogen phosphate (99 %), nitric acid (67-70 %), xylenol orange tetrasodium salt, acetic acid
(99.7 %) and Whatman® cellulose chromatography papers purchased from Sigma-Aldrich.
Ethylhexylamine and diethylenetriaminepentaacetic acid bis-anhydride were purchased from TCI
Chemicals. Ultrapure water (18 MΩ cm, total organic carbon <3 ppb) was utilized in all aqueous
solutions.

4.2.2 Synthesis of Bis(ethylhexyl)amido diethylenetriaminepentaacetic acid (BEAD)
Bis(ethylhexyl)amido diethylenetriaminepentaacetic acid (BEAD) was prepared following
a published procedure.133 Commercially available chemicals were of reagent-grade purity or
better and were used without further purification unless otherwise noted. A solution of
ethylhexylamine (2.73 g, 7.66 mmol) in anhydrous dimethylformamide (50 mL) under an
atmosphere of argon was heated to 70 °C. Diethylenetriaminepentaacetic acid bis-anhydride (2
g, 15.47 mmol) was added to the solution while stirring. The reaction was stirred for 4 h at 70 °C.
The solvent was removed, and the resulting light-yellow oil was solidified by adding acetone (30
mL). The solid was recrystallized from boiling ethanol to yield 3.6 g (78%) of the desired product
as a white microcrystalline solid.

4.2.3 Synthesis of Fluorescent Bis(ethylhexyl)amido diethylenetriaminepentaacetic Acid
(FBEAD)
A solution of Fluorescein (FAM) amine, 5-isomer` (250 mg, 0.49 mmol) in anhydrous
dimethylformamide (15 mL) under an atmosphere of argon was heated to 70 °C.
Diethylenetriaminepentaacetic acid bis-anhydride (86 mg, 0.24 mmol) was added to the solution
while stirring. The reaction was stirred for 12 h at 70 °C. The solvent was removed, and the
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resulting orange oil was solidified by adding acetone (15 mL). The solid was recrystallized from
boiling ethanol to yield 302 mg (50%) of the desired product as a yellowish-orange crystalline
solid.

4.2.4 Electrochemical Aerasol Enrichment
All experiments were carried out in a home-built H-type two-compartment electrochemical
cell. The cell was filled with 700 mL 0f 0.2 M ammonium bicarbonate solution (pH = 8.4). A 2.5
cm2 Ni foam electrodes were separately immersed in the two compartments and used as the
anode and cathode. A constant current of 0.2 A was applied between the two electrodes to
generate microsized gas bubbles by water electrolysis. The aerosol produced by bubble bursting
was collected using a glass slide 3 mm above the liquid surface.

4.2.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis
ICP–MS measurements were performed on an Agilent Technologies 7700 series
spectrometer. All dilutions were performed with 5% HNO3. The calibration curve was created for
a 0.1-150 ppb concentration range (diluted from 1000 ppm ICP standard solution). All the samples
were heated for 12 hours at 70 0C for acid digestion before the analysis.

4.2.6 Device Fabrication
Cellulose chromatography papers having 20 cm2 were used for paper device fabrication.
First, 20 of 1 cm2 square strip was printed using Xerox ColorQube 8580 wax printer. Next, the
printed paper was heated using a hot plate, setting the temperature at 1300 C to drive the wax to
penetrate through the paper. Next, paper panels were folded, as shown in Fig. 4.1c, and Pt
electrodes were placed on two ends of the paper device. The entire paper device and electrodes
were sandwiched between two acrylic plastic sheets.

4.2.7 Complexometric Titration
A 5.0 mL of 0.001 M of Gd sample was added to a flask. Next, 10.00 mL of pH =5.8 acetic
buffer solution and deionized water were added to adjust the final volume to 30.0 mL. Finally, a
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few drops of xylenol orange were added to the flask. The solution was titrated with the 0.0001 M
BEAD solution. At the titration endpoint, the solution color changes from violet to yellow.

4.3 Results and Discussion
Fig. 4.1b schematically illustrates the setup for Gd extraction based on electrogenerated
bubble-bursting aerosol. When electrogenerated gas bubbles float to the surface, they pick up
the surface-active Gd-binding ligands. Once these surface-bound ligands run into Gd ions in
solution, they capture the Gd to form a Gd-ligand complex. The bubbles loaded with the Gd-ligand
complex burst at the solution surface, transferring the complex molecules to the aerosol droplets.
A glass slide placed close to the solution surface then collects the aerosol droplets containing a
high concentration of Gd-ligand complex. Experimentally, we used a home-built H-type cell made
of polypropylene that can accommodate ~650 mL solution. Two 2.5 cm2 nickel foam electrodes
connected to straight insulated copper wires were placed in the two compartments of the H cell
and used as the anode and cathode (Fig. C.4.1). The sample solution contained 50 ppb of Gd3+,
Gd-binding ligand(bis(ethylhexyl)amido diethylenetriaminepentaacetic acid (BEAD)), and 0.2 M
ammonium bicarbonate electrolyte. The BEAD ligand is an amphiphilic derivative of the
diethylenetriaminepentaacetic acid (DTPA) ligand, a common multidentate chelator for rare-earth
elements. The presence of the ethylhexyl moieties in BEAD helps its attachment to the bubble
surface.133 The solution pH was maintained at 8.4 so that the BEAD ligand was not deprotonated
and stayed as an active chelator.133-134 A constant current of 0.2 A was applied to drive the water
electrolysis and generate gas bubbles using a DC power supply. H2 bubbles were generated at
the cathodic compartment due to water reduction, while O2 bubbles were generated from water
oxidation at the anodic compartment. Due to the higher proton concentration at the anode,
bicarbonate ions in the electrolyte also react with protons, generating CO2 bubbles. Aerosol
droplets were collected onto a glass slide and transferred into a volumetric flask. After successive
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dilution and acid digestion, ICP-MS measurements were performed using Agilent 7700x, and the
Gd content in the aerosol was analyzed.
First, we performed a Gd extraction experiment using a 1:1 molar ratio of the metal and
ligand because the reaction stoichiometry of the complexation reaction between Gd3+ and ligand
was determined to be 1:1 by a complexometric titration experiment.32 The extraction experiment
was run for one hour (Fig. 4.2a). The maximum extraction efficiency achieved was 40% from the
anodic compartment and 30% from the cathodic compartment. The higher gas bubble generation
rate at the anodic compartment than that at the cathodic compartment causes the different
efficiency between the anodic and cathodic sides. More specifically, one equivalent of H2O
generates one equivalent of H2 at the cathode but half an equivalent of O2 and two equivalents of
CO2 at the anode. Motivated by this promising preliminary data, we further increased the ligand
addition and found the extraction efficiency increased ~50% at a Gd to ligand ratio of 1:3. A
possible reason for the need for excess ligands is that some ligands were removed from the
solution during the bubble-bursting aerosol formation process without forming a complex with Gd.
The excess amount of ligand compensates for the loss of “free” ligands.
Next, we performed a time-dependent study at a fixed Gd: ligand ratio of 1:3 and Gd3+
concentration of 50 ppb. We determined the extraction efficiency from (1) the Gd content in the
collected aerosol and (2) the remaining Gd3+ in the bulk sample solution (Fig. 4.2b-c). In theory,
the two efficiency values should be identical if the aerosol collection efficiency is 100%. However,
in practice, the first value was slightly lower than the latter due to the imperfect aerosol collection.
We observed the increase in extraction efficiency as a function of extraction time for both the
cathodic and anodic sides. The extraction efficiency reached a plateau of ~75% at ~ 2 hours. Fig.
4.4 shows the mass balance analysis of Gd during the extraction process.
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Figure 4.2 (a) Extraction efficiency after running the extraction process for one hour at different
Gd: ligand molar ratios. The bulk concentration of Gd3+ was 50 ppb. Extraction efficiency as a
function of the electrolysis time at (b) cathode and (c) anode. The Gd3+ concentration was 50 ppb
and the molar Gd: ligand ratio was 1:3. Extraction efficiency was calculated from the Gd amount
in the collected aerosol (red circles) and the remaining Gd content in the bulk solution (green
circles).
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After successful extraction of Gd using electrochemically generated bursting bubble
aerosol, our next step was to separate the ligand and Gd3+ in the collected aerosol droplet and
evaluate the recyclability of the ligand. Fig. 4.1c shows the experimental design to separate the
Gd and ligand using an origami paper-based electrophoresis device. The device fabrication
method is included in the experimental section. The operating principle of this device is that the
two electrodes create a pH gradient inside the paper device by performing water electrolysis in
an unbuffered solution. The acidic environment near the anode demetalizes the Gd/ligand
complex to free Gd3+. Driven by the electric field, the free Gd3+ migrates to the cathode, whereas
the partially negatively charged free ligands stay near the anodic side, leading to the separation
of the ligand and Gd3+ onto different paper layers. As the free Gd3+ migrates to the paper layers
near the cathode, it also precipitates as Gd2O3 due to the local high pH generated during water
reduction.
Experimentally, the paper device was soaked with 100 mM KNO3 and folded as shown
in Fig. 4.1c. Then, two Pt electrodes were placed between the 1st and 2nd paper panels and
between the 19th and 20th panels as anode and cathode, respectively. Next, the Gd-complex
aerosol sample was introduced to a piece of paper with the exact dimensions as the device,
between the 2nd and 3rd panels. The entire device contained 20 paper panels. The whole device
was clamped using a binder clip to ensure good contact between different layers and high device
rigidity. We modified the BEAD ligand with a fluorescent tag (FBEAD) to conveniently visualize
and quantify the ligand in the device after the separation. A detailed synthesis of FBEAD is
available in the experimental section. Finally, an optimized voltage of 50 V (Fig. 4.5 shows the
voltage optimization result) was applied between the two Pt electrodes for 3 minutes. The origami
paper was removed from the device, unfolded, and analyzed using Shimadzu Energy Dispersive
X-Ray Fluorescence Spectrometer (EDX-7000) for Gd quantification and Olympus MVX10 Macro
Zoom fluorescence microscope for ligand analysis.
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Figure 4.3 Separation of Gd and ligand (FBED) using a paper electrophoresis device and removal
of K from the paper device. (a) Distribution of Gd after electrophoresis for 3 minutes at 50 V.
Compared to the control, Gd migrated to panels 13-15. (b) Distribution of K after the
electrophoresis. (c) Gd level on panel 15 before and after water washing, showing no significant
loss of Gd. (d) K level on panel 14 before and after the washing, showing 95% of K was removed
because of the high solubility of K in water. (e) Distribution of the ligand in the paper device after
the electrophoresis. The ligand was present on Panels 3-12 of the paper device. (f) Extraction of
the ligand from the filter paper. Fluorescence intensity data shows an 81% extraction efficiency
of the ligand from the paper device. The control experiment used a solution containing the same
amount of FBED that was added to a paper panel for the extraction experiment.
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Fig. C.4.3 shows the pH gradient in the paper device generated by water electrolysis. The
panels on the anodic side are acidic, while the cathodic counterparts are alkaline, with a dramatic
acidic to alkaline transition from Panel 12 to 14. Fig. 4.3a shows the Gd content on each paper
panel after the electrophoresis. We found that Gd mainly was located on Panel 15, consistent
with the pH distribution because Gd3+ is converted to its oxides once it enters the high-pH paper
panel (i.e., Panel 15) and becomes immobilized. The XPS data in Fig. C.4.4a confirms the
conversion of Gd3+ to GdOx. In contrast, the ligand was present on Panels 2 to 14 based on the
fluorescence intensity distribution and thus well-separated from the Gd (Fig. 4.3e). It is worth
noting that the fluorescence intensity of the FBEAD ligand is pH-dependent (Fig. C.4.2a). The
higher pH, the stronger fluorescence. Fortunately, the pH-dependent fluorescence is reversible
(Fig. C.4.2b), so we can adjust each paper panel's pH to 7 using a buffer solution after electrolysis
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Figure 4.4 Extraction efficiency and the mass balance analysis of Gd at different extraction times.
For each extraction time, the experiment was triplicated. The Gd3+ concentration was 50 ppb,
Molar ratio of Gd3+: BED = 1:3.
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Figure 4.5 (a) Gd and (b) FBEAD distribution after electrophoresis at different voltages.

Following the successful separation of Gd and ligand, we moved on to reclaim the Gd and
Gd-binding ligand from the paper device. As previously discussed, Gd was present as GdOx
mostly on Panel 15. However, there was a significant amount of K+ on Panel 15, which was
introduced to the device as the electrolyte (Fig. 4.3b). Unlike Gd, K+ spread out from Panels 12
to 20 because it remains mobile under high pHs. Therefore, we utilized the high water-solubility
of K+ to remove it by gently washing the paper panel with DI water. Fig. 4.3c-d shows that 95%
of K can be removed from Panel 15, whereas Gd remains mostly unchanged after water washing.
Similar to K+ removal, we reclaimed the ligand on Panels 3 to 14 by water extraction. Based on
the fluorescence emission intensity (Fig. 4.3f), we found an 81% extraction efficiency from the
paper panel by water extraction.

4.4 Conclusion
We demonstrated the proof-of-concept design for extracting Gd from ppb-level Gd water
samples using electrochemically generated bursting bubble aerosol at an extraction efficiency of
75% and separating Gd and ligand using paper electrophoresis. We recovered all the Gd as GdOx
and 81% ligand after electrophoretic separation by performing a simple water extraction. We think
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this proof-of-concept design is a promising method for extracting Gd from hospital wastewater
because it does not require any organic solvents or expensive extraction equipment.

4.5 Appendix C

Fig. C.4.1 Photographs of (a) a home build H-type electrochemical cell with a total volume of
~650 mL. (b) Bubbles were generated using two 2.5 cm2 Ni foam electrodes immersed at a depth
of 25 cm. A constant current of 0.2 A was applied. (c) A glass slide was placed ~3 mm above the
solution surface to collect the aerosol. (d) Collected aerosol droplets on the glass slide.
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Fig. C.4.2 (a) Fluorescence intensity of FBED on a paper panel at different pHs. (b) Recovery of
the fluorescence intensity when the pH was adjusted from 2 to 7.

Fig. C.4.3 pH variation on different panels of the paper device before and after the separation of
Gd and FBED using KNO3 as the electrolyte.

Fig. C.4.4 (a) XPS spectrum of Panel 15 after the electrophoresis. (b) UV-Vis absorption spectra
of the extracted ligand sample using water after the electrophoresis and its control.
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Fig. C.4.6 13C NMR spectrum of BEAD.
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Fig. C.4.8 1H NMR spectrum of FBEAD.
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Fig. C.4.9 13C NMR spectrum of FBEAD.
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CHAPTER 5 CONCLUSION AND FUTURE WORK

5.1 Conclusion
In conclusion, we have successfully developed a novel method to analyze surfactants
based on electrochemical bubble nucleation. Our approach utilizes the high surface activity of the
surfactant analyte to affect the electrochemical bubble nucleation and then transduces the change
in nucleation condition to an electrochemical signal for determining the surfactant concentration.
Using this method, we demonstrated the quantitation of perfluorinated surfactants in water, a
group of emerging environmental contaminants, with a remarkable limit of detection (LOD) down
to 30 μg/L and a linear dynamic range of over 3 orders of magnitude. Our method also exhibits
an exceptional specificity for the surfactant analytes even in the presence of 1000-fold excess of
nonsurfactant interference. Furthermore, we combined our detection method with a fast
preconcentration method based on anodically generated shrinking gas bubbles. A mechanistic
study revealed two reasons for the improved preconcentration: (1) shrinking bubbles increase the
enrichment rate, and (2) the attractive interactions between the positively charged anode and
negatively charged PFAS provide high enrichment at zero bubble path length. By combining the
preconcentration method with the detection platform, we demonstrated the detection of ≥70 ng/L
PFOA and PFOS in water in ~20 min, fulfilling the need of the U.S. Environmental Protection
Agency.
We also developed an ingenious PFAS-modulation strategy to improve the efficiency of
gas evolution reactions by managing dissolved-gas concentration at the electrode/gas/electrolyte
interface. With the modulation of PFOS, the HER performance was remarkably improved. In
addition, a cationic fluorinated surfactant has resulted in highly efficient hydrazine
electrooxidation.
Finally, we demonstrated a proof-of-concept design for extracting Gd from hospital
wastewater effluents. We achieved a Gd extraction efficiency of 75% from water samples
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containing ppb-level Gd using electrochemically generated bursting bubble aerosol with the help
of an amphiphilic Gd-binding ligand. We also successfully separated Gd and its ligand using an
origami paper-based electrophoresis device. This environmental-friendly extraction process
opens a new avenue to fulfill the Gd demand in the USA.

5.2 Future Work
As a future direction, we will assess the specificity of the PFAS detection method, identify
possible interferences in drinking water, and develop a separation method to remove these
interferences to ensure high specificity. Since our bubble-nucleation-based method relies on a
surface-activity-based detection mechanism, the presence of other surface-active organic
compounds can give false-positive results. Therefore, we plan to degrade the interfering organic
compounds using advanced oxidation processes. Research has shown that treating water with
O3/UV can degrade the common hydrocarbon surfactants while PFOA and PFOS remain
unchanged.137-138 Finally, we will integrate the preconcentration, separation, and detection method
into a portable device and evaluate the performance using spiked drinking water and real-world
water samples. For the Gd extraction project, our current setup operates at a water sample scale
of ~600 mL. In the future, we will scale up the whole process to obtain the extracted Gd on a gram
scale.
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ABSTRACT
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This dissertation presents new analytical, electrocatalysis, and separation strategies that
utilize bubble behaviors in different electrochemical systems.
The first part of this dissertation focuses on the method development for PFAS
preconcentration and detection. First, we present the bubble-nucleation-based electrochemical
method for the selective and sensitive detection of surfactants. Our method utilizes the high
surface activity of surfactant analytes to affect the electrochemical bubble nucleation and then
transduces the change in nucleation condition to an electrochemical signal for determining the
surfactant concentration. Using this method, we demonstrate the quantitation of perfluorinated
surfactants in water, a group of emerging environmental contaminants, with a remarkable limit of
detection (LOD) down to 30 μg/L and a linear dynamic range of over 3 orders of magnitude. The
experimental results agree with our theoretical model derived from classical nucleation theory.
Our method also exhibits an exceptional specificity for the surfactant analytes even in the
presence of 1000-fold excess of nonsurfactant interference. Next, we present a highly efficient
method that uses anodically generated shrinking gas bubbles to preconcentrate PFAS via aerosol
formation, achieving ~1400-fold enrichment of PFOS and PFOA—the two most common PFAS—
in 20 min. This new method improves the enrichment factor by 15% to 105% relative to the
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previous method that uses cathodically generated H2 bubbles. The shrinking gas bubbles are in
situ electrogenerated by oxidizing water in an NH4HCO3 solution. H+ produced by water oxidation
reacts with HCO3- to generate CO2 gas, forming gas bubbles containing a mixture of O2 and CO2.
Due to the high solubility of CO2 in aqueous solutions, the CO2/O2 bubbles start shrinking when
they leave the electrode surface region. A mechanistic study reveals two reasons for the
improvement: (1) shrinking bubbles increase the enrichment rate, and (2) the attractive
interactions between the positively charged anode and negatively charged PFAS provides high
enrichment at zero bubble path length. Based on this preconcentration method, we demonstrate
the detection of ≥70 ng/L PFOA and PFOS in water in ~20 min by coupling it with our bubblenucleation-based detection method, fulfilling the need of the U.S. Environmental Protection
Agency.
The second part of the dissertation describes the development of a facile strategy to
precisely control the dissolved-gas concentration at the electrode/gas/electrolyte interface for
enhanced HER and HzOR. With PFOS modulation, a lowered dissolved-hydrogen concentration
at the catalytic interface and sufficient exposure of the active surface area can be achieved.
Accordingly, the PFOS-modulated Pt possesses remarkable HER performance relative to pure
Pt. With CFPS modulation, the interfacial dissolved-nitrogen concentration was effectively
lowered while CFPS still ensured a sufficient exposure of the active sites during HzOR. As a
result, relative to pure Pt, the CFPSmodulated Pt exhibited a 2.1-fold higher current density and
a lower overpotential for HzOR. This work provides a convenient approach to realizing highperformance electrocatalysis based on precisely controlling the dissolved-gas concentration at
the catalytic interface.
The last part of the dissertation describes a proof-of-concept design for extracting Gd from
hospital wastewater effluents. We achieved a Gd extraction efficiency of 75% from water samples
containing ppb-level Gd using electrochemically generated bursting bubble aerosol with the help
of an amphiphilic Gd-binding ligand. We also successfully separated Gd and its ligand using an

106
origami paper-based electrophoresis device. This environmental-friendly extraction process
opens a new avenue to fulfill the Gd demand in the USA.
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